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PREFACE

This Seminar is held as a medium by which there may be a free

exchange of information regarding explosives safety. With this idea

in mind, these minutes are being provided for your information. The

presentations made at this Seminar do not imply indorsement of the

ideas, accuracy of facts presented, or any product, by either the

Department of Defense Explosives Safety Board or the Department of Defense.

D. G. HOECH
Captain, USN
Chairman
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These proceedings are published for information as an

accommodation to the participants at the Seminar.

The Devartment of Defense Explosives Safety Board cannot

accept responsibility for the correctness of those papers

which have been directly reproduced from copy furnished

by the authors.
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WELCOME

Colonel Alton W. Powell, USAF
Chairman

Department of Defense Explosives Safety Board

Good morning, ladies and gentlemen. I am Colonel Alton Powell, Chairman,
Department of Defense Explosives Safety Board.

It is with considerable pleasure that I welcomc you to our Twentieth
Explosives Safety Seminar. It is good to see so many friends and familiar
faces. Since it is the mission of the DDESB to keep informed of conditions
affecting safety wherever U.S. titled ammunition and explosives are found,
I have traveled extensively during my three years as Chairman. Thus I have
met many of you on your home turf and become aware, first hand, of the
problems and concerns you must deal with day-by-day. With the onslaught
of the electronic/computer age, we are able to solve many problems of
yesteryear, but new problems have arisen; how far are we to permit the
computer to control production/manufacturing processes, test and operate
weapon systems, etc.? Concessions have been made with respect to quantity-
distance requirements for insensitive high explosive substances and
articles. How much more relaxation should be permitted? Should the tools
of the systelus engineers, such as risk analysis be used more in the
explosives safety decision making process? Some people think so. There
are many more problems/questions that face us today which are demanding
answers. That is one of the Important reasons for holding this seminar:
to provide you (hopefully) answers to some of your questions! but, more

then that, this seminar is being held to stimulate you professionally by
providing you avenues to knowledge with which to aid you in seeking
solutions not provided here. Solving your problem will make our nation's
defense posture not only safer but stronger. With world events as they
are today, that should be foremost. I, therefore, challenge you to use
this seminar as a vehicle for solving your problems and answering your
questions. We encourage you to fully participate. I believe our program
will make you want to do just that!

Let me now introduce the current members of the Explosives Safety Board.
Colonel Bobby Robinson is the Department of the Army Board Member.
Colonel Robinson is Chief of the Chemical Divisisn, Deputy Chief of
Staff, Operations and Plans. Unfortunately Colonel Robinson could not be
with us today. In his stead we have Department of the Army Alternate
Board Member, Mr. James Coakley. Jim is on the staff of the Army Safety
Program Director. From the Department of the Navy, Captain Virgil E.
Strickland Jr. Virgil to Head of the Ordnance Materiel Management Branch
in the Office of Chief of Naval Operations. Regrettably alao, Captain
Strickland could not be with us today. In his stead we have Department
of the Navy Alternatc Boacd Member, Mr. Carlo Ferraro, Jr. Carlo is
Head of the Explosives and Nuclear Weapons Safety Section in CNO. From
the Department of the Air Force, Colonel Jim McQueen. Jim is the Chief
of Weapons Safety, Deputy Inspector General, Headquarters Air Force.

7 77-- -- - -- v "



I would also like to particularly welcome several of our professional
friends in the audience from other countries: from France, GenerallToche
and General Roure: from the United Kingdom, Air Commodore Robinson.

At this time, it ip my pleasure to introduce our keynote speaker,
Dr. Sharon B. Lord, Deputy Assistant Secretary for Equal Opportunity and
Safety Policy.
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I am delighted to be with you here in Worfolk today. This is a wonderful
opportunity to meet the people who are in the forefront of the continuing
effort to control the awesome but indiscriminate destructive power of the
explosive materials and devices upon which we rely for the defense of our
nation. That this is a matter of international concern is attested by
the large number of persons here representing other nations. We weleome
all of you and hope this will be a mutually beneficial experience. Our
common cause of protecting life and property from the harmful effects of
accidents involving ammiunition and explosives is certainly one that all
nations can support.

Apart from sincere humanitarian concern for the safety of our personnel,
DoD has a most vital concern for the prevention of all avoidable mishaps
in terms of readiness to perform our national defense mission. Every
man or woman, military or civilian, who is incapacitated and every piece
of equipment or system accidentally damaged or destroyed diminishes that
readiness. Accordingly, an essential element of overall DoD policy is:

To protect all DoD personnel from on-the-job injuries and
occupational illnesses

To protect DoD material resources from accidental damage
or destruction

.To protect the public from possible hazards associated
with DoD operations, and

To comply with applicable safety and occupational health
regulations which Federal or State regulatory agencies promulgate.

Because of the inherent hazard potential of ammunition and explosives,
in no other element of the overall DoD safety program is it more
important that these policies be effectively implemented. For that
reason, as well as the fact that this is an explosives safety seminar,
I will focus on that aspect of the Dod Safety Program.

In consonance with the Administration's and Secretary Weinberger's policies,
we in office, Secretary of Defense are working to ease excessive regulatory
burdens wherever possible; to move progressively from micro-management
toward more general oversight and evaluation of bottom-line results, and
to use our influence to support safety management initiatives of the DoD
components. We are acutely aware that being a responsibility of management,
safety policy is subject to the same threats to good management as any
other function, and safety is perhaps more critical. If other management
techniques are grossly inefficient, time and money are lost and perhaps
an enterprise fails. If our management of safety is bad, lives are lost.
Knowing this, there is a natural tendency to overmanage--to write standing
operating procedures rather than policies, and specification-type rather
than performance-type safety standards. There is that fear that if we at
the top do not think of every possibility and provide for it, an accident
my happen and a life may be lost. Noble as the intent uay be, we can't

40
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think of them all and, by attempting to do so, we stifle initiatives
at lower levels that are likely to be more effective. Many of these
i are direct result of knowledge gained and ideas spawned
by these biennial explosives safety seminars.

We fully realize that our safety program has to be a balance between one
that provides for total protection of life and property and one that per-
mits operators to conduct activities in a "laisse-faire" manner without
considerations for preservation of life and property. A proper approach
to safety is a reasonable application of safety principles that enhance,
not inhibit, operations. The guarded interests of both safety and
operations can be served by establishing an awareness of safety principles
in operators that results in preservation of assets and creates a safe
working environment that increases worker efficiency. To accomplish this
in the area of explosives safety, DoD has published ammunition and explo-
sives safety standards that, when applied with general safety principles,
will provide for containment of the accident and reasonable protection

•jor life and property.

The objective of our explosives safety program is to provide maximum
protection against injury to personnel and damage to property consistent
with operational requirements. Toward this end our goals are*

(/ To eliminate unnecessary risks to life and property from
the harmful effects of accidentsi

• To make safety an essential con ideration in all facilities
and operations planning/

To insure that safety is a total life-cycle consideration
for ammunition and explosives; and

To eliminate deviations from ammunition and explosives safety
standards that are not essential or are not justified on the
basis that the increased risks are insignificant in comparison
with the cost of achieving compliance.

We are making progress. Improvements in explosives safety have occurred
through reductions of exposure of personnel and property both inside
and outside installation boundaries. The greatest emphasis has been in
reducing or eliminating exposure outside installations where we have no
control over development and encroachment is likely to occur. Encroach-
ment on DoD explosives facilities has been a problem and many installations
cannot make maximum use of existing explosives storage structures because
to do so would endanger life and improved property located on non-Federal
land. A serious explosives accident with effects off-base may result in
not only loss of life and property, but also credibility for DoD. Without
elaborating on this, I am sure you can see the many damaging ramifications
of such an accident.

95
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Other recent achievements of note are:

• Gains have been made in reducing exposure inside installation
boundaries through new construction projects and restriction
of storage and operations.

. DoD ammunition and explosives safety standards have been extended
to cover chemical agents and ammunition, and worker protection.

. Knowledge about model testing has been gained through comparison
of model scale tests with results of full scale tests of like
structures in the distant runner series of tests at White Sands last
fall.

• Criteria have been developed for testing and hazard classifying
insensitive high explosives substances and articles containing
insensitive high explosives.

Increased efforts by the services to insure that all construction
projects involving ammunition and explosives receive complete safety
review and that new facilities are sited to provide long term
protection against encroachment.

Despite these improvements in explosives safety, there is still much to be
accomplished. The DoD explosives safety program must be a dynamic flexible
program that can adapt to changes in explosives technology, weapons technol-
ogy, and explosives weapon storage and employment requirements. To this *

end, the DoD will be undertaking a critical review of explosives safety
standards to ensure they are "state-of-the-art" standards. Expansion of
these standards may be in order to ensure all significant hazards have
been properly addressed. Consequently, we will review the standards for
completeness. Our explosives safety surveys will continue to seek out
problems and identify practical solutions. We look to the DoD components
to accept the challenge of our goals and will seek evidence of positive
action in our safety program oversight reviews and evaluations of bottom-
line results. With your help we can succeed. We ask no more--we can
accept no less.

I've looked at your program and I find it quite impressive, both in
terms of subjects covered and the expertise of those participating. I
am certain that no matter what your specific explosives safety interests
are, the next three days will afford you the opportunity to explore
them profitably--I wish you every possible success.

Thank you.
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THE a l OF TH QWA" in WE= A! OA AMT l9. "

MILIAR! EXLIIV SAET M M I TEONT D OKNGM

GOOD MORING, LADIES AND G•EPTLOWN.

I AM INDEED HONOURED TO ADDRESS THIS DISTINGUISHED GATHERING OF

EXPLOSIVES SAFLTY EXPERTS HERE TODAY. Y THANKS THP-R'1FORE TO THE

DEPARTM'NT OF DMFME EXPLOSIVES SAFETY BOARD AND TO COLOlfL ALTON

PO.ELL FOR INVITING ME TO SPEAK.

lMY SUWJECT TODAY IS THE EFFTuCT OF TIE HEALTH ALND SAFETY AT ,iORK

ACT, 1974 ON MILITARY EXPLOSIVES 3AFEf MIANAGEMOIT IN THE UNITED

KINGDOi, AND, IN PARTICULAR THE FORMATION OF THE DEFEIOE EXPLOSIVES

SAFETY AUTHORITY (DESA). THE HSW ACT FOR THE VERY FIRST TIME,

GRlANTED THE OVERALL RESPONSIBILITY FOR MONITORING E.XPLOSIVh-8 SAFEITY

I11 THE UK - INCLUDING SPONSORSHIP OF THE N•ECESSA.RY LEGISLATIONI - TO

AN INDEPENDENT B•ODY CALLED TIM HEALTH AND SAPETY EXECUTIVE (!ISW•).

SO THE MINISTRY OF DEFERCF+ BY T711S ONE AOT, LOST ITS SOLS CONTROL

OVER MAILITARY EXPLOSIVES.

HOW DID THE 1974 ACT COME ABOUT? WELL IN 1972, THE GOVERdfA.NT

OF THE DAY FORMED THE 'ROBSN's COIITTES' TO SEE HOW THEY COULD 3RING IO

TOGETHER THE MASSIVI RMGULATIONS AND ACTS THEN EXISTING - SUCH AS THE

EXPLOSIVES ACTo THE FACTOMS ACT, MINES AND JUARRIES ACT, OFFICES,

SHOPS AND RAILWAY PEREISES ACT, BUILDING REGULATIONS, AND SO ON -

VoHICH ALL IMPOSE HEALTH AND SAFETY DUTIES ON PEOPLE AT WORK, AND

SEP THEM UP UNDER THE UMBRELLA OF ONE ALL EMBRACING ACT. THE OUT-

COME OF THIS STUDY WAS THE INTRODUCTION OF THE 1974 HSW ACT.

THE OWBCTIV38 OF TIM ACT ARE TOs

a. SECURE THE HEALTH, SAFETY AND 3LFARE OF PEOPLE AT W)RK.

b. PROTECT THE GENERAL PUBLIC AGAINST RISKS TO THEIR HEALTH

AND SAFETY ARISING OUT OF WORK ACTIVITIES.

00 CONTROL THE [EEPING AND USE OF EXPLOdIVES OR HIGHLY

FLAMMABLE OR OTHERWISE DANGEROUS SUBSTANCES AND OENERALLY

PREVENT PEOPLE FROM UNLAWFULLY HAVING AND USING SUON

SUBSTANCIS.
a
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d. CONTROL THi-; RELEASE~ IiTO TlWt TM¶OSAPHSRI±. OF NOXIOUS OR

OFF0t0SIVE SUBSTANO z,

THE ACT DE3TABLISlbiD TWO INEW BODIES UNDERQ THE~ SECR)WTARY OF STATE FOR

WPLOYM1*4T; THlE HZALTH A.10 SAVICTY 0OLIISSION (HBO0) AND THE HEALTH AND

SAFtE¶Y LY JXCUTIVE (HSIE), IN4 OiIDLR TO PHOIAOTS 111k: OiBJc.CTIVES OF THE ACT

A14D TO E~NSURE ITS ?ROVISIONS WSM LC M1JLVihXTED.

THEP ]EIALTH AND Ski" ,1'Y COW.¶ISSION CONSISTS OF A fV¶LL-TIMS CHAIRMAN

AND B@TiWN1 SIX AND NINE PART-TIME Iktl&BbWS, ALL OF WHOMI ARE APPOIN'TED

BY TlHL SNCR&ITAfY OF STATO FOR 10?L)YAM~ (S OF S). -THS, S OF 5 1S

WREUIR4) '110 00AS.ULT 1!=1LOYER~S1 ORGANISATIONS AB3OUT THREE M.WBERS,

UIPLOYESS' ORGANISATIONS i.e. THE~ TRADE UNIONS, ABOUT THREE OTHER

'.1-LIUBMIS AND LOCAL AUTITORITIE'S AND OT}LSR APPROPRIATE ORGANISATIONS,

IN4CLUDIIIG PROFASSIONAL BODIES, ABOUT THE ROST.

THE COMMISSION 's DUTIES INCLUDL- iROMOTING THE OBJECTIVES OF THE AGT,

CARRYING OUT AND FVNCOU!tAGINGr RESEARCH AND TWAINUG INTO .3AF::rY, i~iOVIDING

AN INFORM4ATION AND ADVISORY SERVICE AND ADVISING THE GOVLtERNLWiX2T OF A"Y

REG]ULATIONS UNDER Till' ACT.

THE 11FALTH1 AND .J~r'WTY IXECUTIVE C;ONSISTS OF THREE FULL-TILa; A4d:AB'ý'IR

'1110 AfbE Ai'jOIIITED 13Y THE HSO PLUS A SU1P?Ot(TIrG STAFF.

THHW EXZCUTIVS's DUTIES INCLUDE WiAKING AiLANGLk-WENTS i`O CE0FkQMT

OF TMl LIZXISLATION, INITIATING %,;W LWA.ISLATION AND JAARYING OUT OTHER

TASKS GIVEN TO IT BY TH8 COR"I"ISSION * IN P RACTIC"', RSS CARREIES OUT 'VHS

DAY-TO-DAY I.YORK 11CE8BARY TO 4NABLE' TIM COOML-SSION TO PERFORM ITS

FUNCTIO.AS. TO DO T"!IS, IT 11AS SIX IN3?CTOAAT'4S QOVERING AGRICULTURE,

ALKALINSE AND OLEA" AIR, v"LLOSIVigS, FACTOAIi3, diINES AND IQUARRIES AND

NUCId4R INSTALLATIONS* THERE AHL ALSO POLICY BRANC30S, A RFSE!'Ai(CH

DIVISION PLUS OTVER STA?'F TO ENABLE IT TO CARRIY OUT1 TAW COW.MISSION's

FUNCTIO~iB
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TODAY WE SHALL CONCERN OURSELVES V WI•H THE INSPECTORATE OF PWLOSIVES,

AND THE CHANGES 4IHICH HAVE OCCURRED IN THE MOD DEFMf CE STRUCTURE IN ORDER

TO CATAR FOR THE IMPLICATIONS OF THE 1974 HSWY ACT.

AT THE RISK OF BORING SOM OF YOU BUT FOR THE DEHeFIT OF THOSE NOT

CONVERSANT .7ITH THE UK MILITARY bXPLOSIVES SAFPTY VA AG!'WNT SYSTI,-,

SPLRASE ALLOW ME TO DJELL A MO+MEFNT ON THE HISTORY OF THE ORGANISATION.

&iE START WAY BACK IN OCTOBER 1874, XW A TRAIN OF SIX LIGHT BARGES

WJAS PASSING ALONG THE RGEINTS PARK CANAL IN LONDON. LET ME NOa QUOTE

FROM THE ILLUSTRATED LONDON NEWS DATED 10 OCTOBER 1874.

"AMONG THESE BARGES WAS THE UNFORTUNATE TILBURY WHOSE CARGO

CONTAINED SUGAR, NUTS, STRA-VBOARDS, COFFE, TWO OR THREE

BARRELS OF PETROILM AND ABOUT FIVE TONS OF GUXPOWDYAR.

THE POWDflR WAS EN ROUTE TO NOTTINGHAM FROM THMI WALTHAM ABBEY

;.ILLS, E33EX. THE TILBURY hdAS DIRECTLY UINDER THE i+-iCCLZSFIE

ROAD 3RIDGE A2IMN, BY SOME EA03S U(EXPLAINED, THE PO',DkI CAUGHT

FIRE AN1D THE WHOLE .AS BLO(,;N UP* THE BRIDGE ,NAS k24TIWLY

D13TkiOYEDs SEVERLAL OF THE NEIGHBOURING HOUSES V'&nE IALF-

RUINED, THEIR ROOFS A-D IIALLS BTING GREATLY LIJUR@D, AND IN

HUNDREDS OF OTHER HOUSES, A MILE ZA3T OR ,46ST OF THE PLASE,

TH, WINDOWS ERE BROKENt AND UANY FRAGILE ARTIOLoS OF

JuRlIfTUE. '

LET ME ADD FOR THOSS INTBRESTED IN TAKING TFRHAIN INTO ACCOUNT *+HEN

CALCULATING SAFETY DISTANCE9 THAT AS THE ILLUSTRATED LONDON NsSS GOES ON

TO SAYs

10



"IT MUST, HOWIEVER, BE CONFESSED THAT THE EFFECT OF SUCH AN

EXPLOSION MIGHT HAVE BA MUCH VORSME, IF IT HAD TAKE PLAUE

IN A TUNM AMIDST THE CROWMED BUILDINGS OF FINSBURY OR

PENTONVILLE, OR AT ANY POWN .lt&Rq AS IN KEIITISH TOWN, THE

SURFACE OF THE WATER IS NEAR THE LE•VL OF THE ADJOINING

STRW-TS. THS FRAGMENTS OF THE BARGE AND CARGO "IOULD, IN

THE LATTER CASE, HAVE BE521 HURLBD RIGHT AND LEFT, A HUNDRED

YARDS OR MORE WITH TERRIBLE FORCE AND EFFiCOTj INSTEAD OF

.W(ICH TlEf WVERE MOSTLY CONFINSD TO THE DEEW CUTTPING OF THE

C ANAL."

THE RESULTANT PUBLIC OUTftlY LED TO THE PARLIA&NT OF TH[E DAY

PASSING THE EXPLOSIVb_3 ACT, 1875. HOWEVER IT WAS SAID AT THE TIME

BY THE EDITOR OF T7E ILLUSTRATED LONDON NEWS, THATs

"SUCH CASUALTIES AS THAT OF FRIDAY "MORNING N•VER HAPPEN

IN CONN•wXTION ;;ITH EITHER THZ AWRY OR THE NAVY, BEQAUSE

THE STORAGE AND CONVEYANCE OF GUNPOWDER FOR AND BY EITHER

ARE ALWAYS CONDUCTED UNDIýR THE STRICTEST ROGULATIONS.*"

THIS DOUBTLESS LED TO SECTION 97 OF THE ACr, W•HEREBY THE CRO04l WAS

LXIPTEDs AND THE SECRETARY OF STATE FOR DEFENCE WAS IWPOW,ýRSD TO

MAKE REGULATIONS FOR TH,'. 6AFE CO14DUCT OF MILITARY KXPLOSIVES AFFAIRS.

THIS 4AS REMAINED SO, RIGHT UP TO THE PASSING OF THE 1974 HS1V ACTr

W:HEN, DkSPITE PLýiAS FOR THE CONTINUANCE OF THE CROWN EXMIPTION9 NO

SUCH EXDPTION qA$ GRANTqD, AND, AS I SAID TARLIER, ',POD LOST ITS

AB8OLUWS Q=OTKL OVtR InS On EXPLOSIVES AFFAIRS.

"AAFTER ;0RLLD WAR I, THS CONTINUING EXPANSION OF EXPLOSIVES

ACTIVITIES IN THE UK9 RESULTING FROM THE FOWrATION OF THE RAP, THE

CONTINUANCE OF A LARGE NAVY A2D AM•Y PLUS AN INCREASING Ri'oEARCHo

DWELOPMbIT AND MANUFACTURING CAPABILITh LED TO THE DECISION THAT

SOME CENTRALISED BODY 4AS NEEDED TO INFLUENCE M•ANAGP• T OF THE9 ii



\I-ILITARY 'XPLOSIVES SAFETY FIELD. SOt IN 1925, THE i!XPWSIVES STkRAGN

AND TRANSPORT COMMITTEE (ESTC) WAS FOR&ED. EVER SINCE, THE ESTO HAS)

BEEN THE MEANS THROUGH WHICH THE S OF S FOR DEFUCE HAS DISCHARGED THE

RESPONSIBILITIES DELEGATED TO HIM BY THE 1875 EXPLOSIVES ACT.

TO FULFIL ITS HOLE, THE BASIC TASKS OF THE ESTC, WHICH ARW INTER-

RELATED AND FOLLOa; IN A LOGICAL PATTERN, ARE AS FOLLOWSS. FIRSTLY,

HAZARD CLASSIFICATION OF EVERY MUNITION BY TEST, OR ANALOGY TO PREVIOUS

LIKE MUNITIONS - THE PRIME TASK, FOR, FROM THIS ALL OUR OTHER 14ORK

FOLLOWS - AND, LIKE OTHER NATIONS, ViS NOW FOLLOW THE UN CLASSIFICATIONS

AS PUBLISHED IN 1970. SECONDLY, THE COMMITTEE FORMULATES AND ISSUES

THE PRESCRIPTIONS FOR EXPLOSIVEM QUAJLITY DISTANCES. THIRDLY, THERE

IS THE FORdULATION AND ISSUING OF PRESCAIPTIONS COVSRING THE

CONSTRUCTION OF EXPLOSIVES STORAGE BUILDINGS, TRAVERSkS OR BARRICADES.

FOUk0HLY, IS THE RAISING OF STATUTORY IN3TRUhUNTS (SIs) REGULATING

THE MOVEMENT OF' MUNITIONS; THERE ARE, AT PRZS&Ts THRE2 SUCH SIs,

COVERING PORTS AND HARBOURS, ROADS AMD RAIL.

TO COVER THESE TASKS THE WSTC HAS A NMJMBLR OF SUB-COMMITTEES, EACH

COMPRISING EXPERTS IN A PARTICULAR AREA. THeSE COMIITTEES ARE ADDED

TO OR DISBANDED TO SUIT PLIEVAILING CIRCUmSTANCES.

THE PLACE OF THE ESTC IN THE UK ORGANISATION FOR EXPLOSIVES SAFXTY

IS SHOWN ON THIS SLIDE. FOR MILITARY EXPLOSIVES THE CLOSE ASSOCIATION

BETWM THE ESTC AND THE ORDNANCE BOARD (OB) IS DEPICTkD (IN FACT THE

CHAIRMAN OF THE ESTC IS ALSO A VICE-PRESIDENT' OF THE OB).

THE IMPORTANT FACT TO BEAR IN MIND IS THAT THE ESTC, IS AN

INDEPENDENT BODY. IT OWES ITS ALLEGIANCE TO THE MINISTRY OF DEFENCE

(MOD) BUT NOT TO THE INDIVIDUAL SERVICES. IT ALSO GATHERS ITS

INFORMATION AND ADVICE FROM PERSONS BOTH ý.ITHIN AND OUTSIDE THE MOD AND

INCLUDES MEUBERS OF THE HUS ON ITS MAIN A4D SOME OF ITS SUB-COMMITTEES,
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THE NUB OF THE RELATIONSHIP WITH MOD STAFFS IS THAT WHILE THE ESTO

PREPARES ADVICE AND THE MOD STAFFS 0IVARIABLY TAKE NOTE 0F IT, THERE IS

NO LEGAL OBLIGATION FOR STAFFS TO OBSERVE OR FFORCE ESTC PRESCRIPTIONS,

THE INDIVIDUAL SERVICE AND PE ELEAMENTS OF MOD WRITE THEIR OWN EXPLOSIVES

REGULATIONS BASED ON ESTO PRESCRIPTIONS AND ARE SEPARATELY RESPONSIBLE

FOR EFORCEMENT.

HAVING LOOKED AT THE PAST, NOW LET US SEE WHAT CHANGES ARE NECESSARY

IN ORDER TO MEET THE REQUIREMDTS OF THE 1974 HSW ACT. HERE IT IS

IMPORTANT TO BEAR IN MIND THAT THE HSC HAVE THE POWER,AND THE INTENTION,

TO INBARK ON A COMPLETE MIODERNISATION OF EXPLOSIVES LAkl, INCLUDING THE

REPLAC••ENT OF THE EXPLOSIVES ACT 1875. FURTHER, IT IS THEY WHO ARE

NOW M•POWERED WITH ISSUING THO SIs COVERING THE STORAGE AND TRANSPORTATICN

OF EXPLOSIVES - BOTH FOR CIVIL AND MILITARY USES. FINALLY, THEY ARE

REQUIRED TO OVERSEE THE ENORCh,%jT OF ",OD's EXPLOSIVES RiGULATIONS

THROUGHOUT THE a ERVICE DEPOTS, STORAGE AREAS, RESEARCH ESTABLISILvLNTS AND

THE ROYAL ORDNANCE FACTORIES (WHICH STILL MAINTAIN THE MAJOR MILITARY

EXPLOSIVES MANUFACTURING AND FILLING FACILITIES IN THE UK.) SO, UNLIKE

THE EST0, WHICH IS AN INDEPENDENT ADVISORY BODY WITHOUT ANY EXECUTIVE

AUTHORITY, THE H SE IS AN ENFOkCING AUTHORITY.

EVER SINCE TH, PASSING OF THE 1974 HSW ACT, DISCUSSIONS AND

N030TIATIONS HAVE FOLLOWED CONCERNING THE BOST WAY THAT HSE SHOULD TAKE

"ON ITS NEW ROLE IN THE MOD EXPLOSIVES AREAS. THE OUTCOME OF TH•E

NEGOTIATIONS WAS THE FORMATION ON 1 JANUARY, 1982, OF THE DEFENCE

rMLOSIVES SAIPLTY AUTHORITY (DESA). ITS AIM IS THE PROVISION OF

MACHINERY TO ASSIST WITH THE MONITORING OF MOD £XILWSIVES AREAS TO

ENSURE COMPLIANCE iiITH THE HS1, ACT. IT IS A FORUM IN ý7HICH CONFLICTS

BETWIEEN DEPENCE IMPERATIVES AdD THE OBLIGATIONS OF TIE HSW ACT AND OTH.R
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LEGISLATION WILL BE RECONCILED. IT M.UST OVERSEE THE PROVISIONS FOR

HEALTH AND SAFETY IN MOD EXPLOSIVES AREAS, ARRANGE FOR AUDITING OF

TH••E PROVISIONS AND GIVE GUIDANCE ON ENFORC&fNT POLICY WHERE THIS

IS NECESSARY.

DESA IS MADE UP OF FOUR DISTINCT PARTS EACH HAVING A DEFINITIVE

ROLE TO PLAYs

a. A MANAGEMENT COmmITTEE COMPRISING iHh DIRECTOR G&NLRAL

DG/HSE AID THR PERAN.NT UNDER S&CRTARY (2nd PUS)/iMOD.

b. A CENTRAL COMMITTEE W.HICH REPORTS TO THE MANAG=NMT

COMIITTEM ,ADE UP OF EXPERTS IN -XPLOSIVIS POLICY AND

:CONOLOGY FROM MOD AND HSE.

0. THE INTERNAL INSPTCTORATE ORIGANISATION 'dHICH ALREADY

ZXISTS WVITHIN MOD UNDER THE COMAAND OF DEPAVPIENTAL CHIEF

INSPECTORS AlD '-HICH RESPONDS TO THE CENTRAL COMMITTEE

AHROUGH THEM.

d. AN AUDIT TEAM WHICH IS UNDER THE COMMAND OF EiM CHIEF

INSPECTOR OF EXPLOSIVES HSE AND WHICH RESPONDS TO THE

CENTRAL COMMITTEE THROUGH HIM.

TH'i MANAGEMENT COMMITTEE WILL PROVIDE A GENERAL OVERSIGHT OF THE

WVORtK OF DESA. IN ADDITION, IT WILL TRY TO RESOLVE ANY MAJOR

DISAGRE!"-ZJTS ýVHICH AIGHT ARISE BB-TWEEN MOD AND HSE IN THE CONDUCT

OF HSW AFFAIRS.

THE CENTRAL COMMITTEE IS CHAIiBD BY THE VICE-PRESIDENT OF THE

ORDNANCO BOARD WHO IS ALSO CHAIRMAN OF THE kSTC. THE VICE-CHAIRMAN
SIS T1{• EAD OF EXPLOSIVES POLICY AT THIE HS!,. THEE TWO POSTS

ROTATE ANNUALLY. MEMBERSqIP IS DRAviN FROM THE CHIEF INSPEOTORS OF

'"PLOSIV••S OF THE 3 SiRVIU1;S AND THE PROCUREMENT 'XECUTIVE, PLUS HM CHIEF

INSP7CTOR OF -VXLOSIVES HSS (WHO IS THE DESA CIIEF AUDIT INSPECTOR)t

14
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5 ~TOULIMTHR WITH R-PR2S1TATIV0-S FROI: IMMTFt.MTD IdOD D4PAffTIz*NTS A10) THII, UISE.

ITS RESPONSIBILiiEPsi COVhERI

aft INTRODUCING PROUEDUkUZ TThROUGI THE M.iDIU11 O~F ?RESCRIPTIONS

XLLOWING DESA TO iFORIU ITS FUNCTIONS 1iNDtýR TILE AGREMQENT.'

b. &Gtt&i ING STANDARDS kNOR t;0it?LIA.NCt; WITH THE i{S' ACT RE"'UIRE1-

LLER1TS IN ~OD E~XPLOSIVES5 AM~S.

00 Hi-.VIE~aNG THE PROOB~DURI~b MH COMCISsIONS AGAINS5T THEB AGR~i

SAFETY 3TANDARDS.

d. AG~REEING DESA k.1ONITORINIG YiOGRAM:49S AND iEBCSIVING 4i-PAOiTS

FROM TTHE DETART.0ENTAL C!{I&'F INISEC'LORS AID THE C1I1F INSPEOTOR

OU? AUD)IT.

ee ECEIVING AGIDaff AND) DANG'ROUS OCCUaRit&NUE -Lý-OTS AND

THE RESULTS OF hENQUIRIES INTO aeXLOSI71ý INCIDEN4TS.

f. RESOLVING DIFFICULTIES ARI3INC OUT OF ý)AOIN IJOTIO ACTION.

g.REVIE'MING NEEW. !ISE LaMXSLATIO11 UONCEPRNING U.OD CONVMJTIONAL

41PLOSIVES AND THE IMPLIOATIONS OY SUCH LEGlISLATION ON Di&SA

STANDARDS A>ID DEM1NCE IMP ERATIVE.S.

h. LIAISON JITH M'S ~SC

J. PRODUCING AN ANNUAL RE'OiRT FOR THIE ý,MA1AGEMNT COiMi:.ITTEE.

THEIk SERVICE At0 P& EXPLOSITiýS IJSi".CTOHA2&S AM{ zi&SPGNSISLE i'OR

Tqt! DAY-TO-DAY 0OLiALIANC.E Oil THE HSN ACT IN ACCORDANC& WNITH THE STAIU)ARDS

AU HE -140 BY THZ-' C%4Th2AL 006MITTiEE.

THE AUDIT TEAA IS R3S?0'iIBLi2 ?'OR '41O1TO RING CO1;±?LIAi4CZ .;ITH THE

r6QUIRENENT OF TITS 1M. ACT IN MOD EXP'LOMIV3 AREAS. TO DO THIS IT

N -,E 1DS TOs

a. JIONITOR ALL INTEMiNAL IiiS?NCTION RELPORTS AND ATT~'ID TE~IN~

MIOD INTL-4MAL I!18?PýTIONS 3SY AGR~tkZ4T.
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b. CONDUCT SAFEMY AUDITS IN AOD CONVENTIONAL MXLOSIVES ARiMtsC

U3ING AGRELD STANDARDSj W'/ITH A REPRESEIATATIVE OF TIM INTERNAL

LhSPCTORATE IN AT1enDANCE.

0. ý;XAJINZ EXPLOSIVeIS LICZnSING ARRANGURKNTS.

d. CONDUCT OR ?ARTICIATE IN ACCIDENT/INCIDENT INVESTIGATIONS,

AS CONSIDERED APPROPRIATE BY THE CHIEF INSPECTOR OF AUDIT.

e. INVESTIGATE CO!KUPLAINTS ABOUT DaFICI&ICIES IN HEALTh AND

SAFh.'DY.

f. WHEN NO OTHER ACTION IS POSSIBLE, TAKE ENFORhCING ACTION,

BY SERVING CROWN PROHIBITION, OR IWPROVMENT NOTICES, AGAINST

MJOD ESTABLISU11NTS AND CONDUCTING PROSECUTION ACTION, IF

N':CESSARY. AS YOU CAN hELL IMAGINE, THIS LATTER POINT HAS

BEM AN AREA OF GREAT CONCERN TO THE uIOD FOR IT HAS VERY SIDE

COIMNOTATIONS AND I"LICATIONS ON THE UAY WE IN THE SE•VICES DO

OUR JOB. NSVERTIELESS, IT HAS BEEN AGREE.D TH1AT THE HSW ACT .ILL

NOT TKAQ PRECEDenCE OVER THE SERVICE DISCIPLINE ACTS AND IT HAS 5
TO 3,-, RWCOGAISOD THAT THE SAFETY OF TTIM' RLOALU IS TO BE COMSIDERED

THE PARATIOUNT FACTOR. FURTitEIRORE, IT HAS BIEN AGAEEI THAT THE

HSE HAS NO INTENTION OF PROSECUTING AN I1DIVIDUAL CIVIL SERVANT

LN SUBSTITUTION FOiH HIS D2A.RT".•NT. THE HSZ WOULD ONLY

PRSOECUTE AN INDIVIDUAL CIVIL SERVANT V.!HERE THERE IS ;ILVFL OR

,CiL!,'SS DISilM3ARD OF IEALTH OR SAF'-TY A4lUIallralTS. ViITH

SERVICKAEN THE SERVICES WOULD USE THEIR O.'N ,)J'ERS TO DSAL i',ITH

DISCIPLINARY CHARGES AkD ONLY IN VERY 2XC-i2TIONAL CIRCUM• :ANCES

AdD ',=M THE APPROVAL OF THE IANAG.ll-T COWMITTI• vOULD CIVIL

COURTS BE INVOLVED.
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FINALLY, THE AR~EA THAT WILAL BE COVERED BY D28~A WITIH RESPkCT TO

BOTH STANDARDS AND ENPVROCMENT9 WILL BE IN THOSE MOD CONVIkNTIONAL

EULOSIVE~S AREAS COVERING MANUFACTURE, PRODUCTION, STORAGE, QONVEYANCE,

ESKARCH, DZXVMLPIT, PROOF AND TRIALS. IT MIL NOT BE RESPOOiSIBLE

FORt

a. EXJLOSIVb6S HELD READY FOR OPERATIONAL USE, Iti Hll SHIP.S

AND] RFAo IN ARMY OPERA.TIONAL UNITS ORt IN RAP' AIRCRAFT OR

61TOCKS DISPECRSE~D TO SQUJADRON OPERATING ARE.AS IN A RS'ADY-FOR-

USE STAT9.

b. AblMUNITION AND iýXPLOSIVES BUING UME FOR OPERATIONAL

TRAINING PUMf'Sj63 Y OFSHATIONAL, UNITS OR TRAININGI

b2STABLI SHN, rNTS.

00 STATIC ESTA.BIISH.,;*'NTS DURING PORIODS WHEN THEY ARE

SUPPORTING OPi±RATIONS OR DUR.ING t:OBILISATION kiURCISES.

NOTiE: 11S~s RBSPONSIBILITIES 0ONCI'RNING VISITING FORChES ARE AT PRESEINT

UND:.2 INVESTIGATION B3UT IT IS E;NVISAGED THAT DESA WILL TREAT

THht! IN THLE SALU4; WAY AS Tqi&Y IX THE UK SLRVICEýS.

SO IN SUK=2NGs UP, *IAT HAS BEEN THE EFFECT OF TH4 HSW ACT 1974,

ON THE UNIT&D KINGDOM MVILIT'ARY aXPLO6SIVES SAFiu.WY MANAGn-1ENT AREA:

a.THE MOST ,l~iORTANT, ALTHOUGH IT WILL BE A LONG TIMEý

RRPFORE IT TAKES EFFiROT, IS TlHAT AN OUTSIDE 3ODY, THE HStE,

IS NOIN RtSON31BLE FOR RAIS4ING THO L;EGISLATIONq THAT IS THE

$Is,, COBCEWIIG THE MANUFAUTURE, iTORAGL AND TRANSPORTATION

BY ROAD, JiiýA AND AIR OF i.IILITARY ýMPLOSIVo~S WITHIN THE UK.

:IO.,;EVER, IT IS STILL &IVISAGlID TH9AT TT_- -!'STC WILL PLAY A

!-.AJOR PAR~T IN TtHE INTiODUCTION OF SU011 LEGISLAi'ION.

b. TT1,4 INDIVIDUAL SERVICiE AND FE, EXLOUSIViS INSPECTORtAT&S

.,ILL 140 LONGE~R 13L SE-'L? A%.COUNTING. Tq@ DU'SA AUDIT

INtIFIXTIO1R WILL IN FUJTURE ?i!ONITOR THEIR '%;OH!%'
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ýf11AT HAS NOT CHANGED, AN-1 IiILL NOT OHANGIe, IS THAT -1HE OP&RATIOUAL

SIDE OF TIM S1RVICES WILL aEdAIN 30L;IY UNDER THE CONTROL OF TH6 INDIVIDUAL

SERV10M AND VIXLL9 IN NO WAY BE 14FLU -CiD 3Y THE HBO OR TNE HSE. FU10THER-

MORE, DUAING PERIODS OF TINSION, P.OVISION HAS &a!• MADE FOR TEW- TH .RVIU';S

TO HAV1. COMPLETS FREEDOM OF ACTION,

BEFORT CONCLUDING, YOU MAY -.ZILE ASK -!AT IS THE FLUYL'U OF T,1z iTC.

7-'-LLp I FORE-VAST THAT ONCE D&SA HAS RESPONSIBILITIES FOR BOTH AUCLtiAR AND

CONVENTIONAL ;rWA2O!S, THE FJTC iaIGHT 'WELL BE SUs3SUA:LD I=0 BEING eA1zr OF

THE DZSA FRX.13-O RK. FOR, WIreH THE HSE B3EIN'M ISPOWSIBLE FOR ALL UK

?XeLOSIVES' LEGISLATION, PLUS ITS AUDITING FUNRTION, IT I1 ONLY LOGICAL

T2HAT GIVEN TIhE, THE D&.!AND JILL CO:AE )FOR TH1 STA,;DARDISATION OF THE [fiOD

1EXLOSIVES R4GULATIONS ':IHICH CURRENTLY ARIE IN 4 VERSIONS (ALL DIFE1tCTT)

MOR THE aN, A1RY, RAF AND PE. ONCEI T71IS STANDARDISATION IS ACHIEVE.ZJ

T'4;' N ",XT ST& 4ILL Bn THE LEGISLATION OF ,STC PR.JSCRIPTIONS - ,'1%ICH ARE

CURRFiTLY ADVISORY ONLY. THE WAY TO DO THIS ;ILL BE UNDER THE MANTLE
* 44

OF DSA. H•O0%VER, THIS IS LOOKING A LONG "NAY AHEAD.

IN CONCLUSION, MAY I SAY THAT IT IS EARLY DAYS YTT,9FR DESA WAS ONLY

FORMED IN JANUARY OF THIS YEAR, BUT I REMAIN CONFIDNT THAT SAFETY IN THE

UK MILITARY •i6XLOSIVES AREA CAN ONLY BE -NHANCED BY THESE NEW WEASURýES,

WHILE, AT THE SAME TIME, THE OPERATIONAL ROLE OF THE SERVIO• TOGEThER

WiITH DEFENCE IIAPERATIVES, 4ILL IN NO WAY BE JEOPARDISED. INDAED, IT IS

MY RESPONSIBILITY, AS THE CHAIRMAN, TO ENSURE THAT THIS Rl"AINS 0.

THANK YOU.

"BRITISH CROWN COPYRIGHT. Not to be reproduced without permission

from tho Controller, Her Britannic Majesty's Stationery Office."
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INTRODUCTION AND SUMMARY

The U.S. Army Toxic and Hazardous Materials Agency is preparing to
demilitarize the U.S. inventory of munitions containing the incapacitating agent BZ. As
employed in the munitions, BZ is blended with an energetic pyrotechnic mixture. The
mixture is 50% BZ, Z3% KCI0 3 , 9% S, and 18% NaHCO3.' In normal functioning, this
mixture is ignited along central core holes in the munitions and reacts over a few tens of
seconds to produce an aerosol cloud of BZ. However, upper limit theoretical calculations
suggested that this mixture could potentially be detonable, but it was not known if actual
detonation could occur. To facilitate selection from among five candidate demilitariza-
tion concepts(l) it was desirable that the detonability of the munitions be established. To
this end, a series of experimental tests as described in this paper was conducted. These
tests gave conclusive evidence of non-detonability.

The potentially most detonable item in the BZ inventory was selected for
detonability tests. This Is the bomblet with the largest continuous diameter, 72 mm of
BZ-pyrotechnic mix, the M138. This bomblet also has the thickest steel walls, 3 mm, for
radial confinement. The M138 is comprised of 4 individual M7 cannisters loaded inside a
steel tube casing. An individual M138 bomblet is one of 57 packed in each M43 cluster
munition. As such, adjacent M138s in the close-packed array could provide a full-length
additional 3-mm steel radial confinement along 6 line contacts with the M138. Therefore,
the M138, fitted inside an additional close-fitting steel tube with Z.3 mm wall thickness
(nearest to 3 mm thickness available), was selected as the configuration for detonability
tests. Proof of non-detonability of this item would constitute proof of non-detonability of
the entire BZ-containing munition inventory.

The test configuration included a full munition diameter donor explosive
charge of composition C-4 in firm contact with one end of the munition. The primary
indication of detonability was from dynamic instrumentation, epoxy potted into the entire
length of the core hole, which showed the steady decay of the input shock velocity to
sonic va.ues as the shock progressed down the munition. Examination of the munition
remains provided a secondary indication.

The teats were conducted in a sealed blast containment chamber inside an
igloo at Pine Bluff Arsenal. A pilot plant incinerator, previously qualified for destruction
of BZ, was used to dispose of the BZ released during the tests.

Of 17 tests attempted, 14 tests provided detonability data. In two tests
the munitions self-ignited during heating to the original target preheat temperature of
105 C. This self-ignition resulted in lowering the preheat temperature to 80 C on
remaining tests. Data from the third test were lost due to an equipment malfunction. To
provide the broadest possible sampling base, the tested munitions were drawn from all of
the eight mnanufacturing lots from which M138s had been downloaded from the original
M43 cluster configuration. These lots were judged to be reasonably representative of the
total inventory on the basis of available lot characterization data. Seven tests were
conducted at ambient temperature and seven were conducted after preheating the
munitions to 80 C. Four of the ambient temperature tests were conducted on munitions
"inertedw by immersion in a water-plus 0.01% Avirol-113 wetting agent. The BZ-
pyrotechnic mixture was ignited by the shock wave in most tests, although one or more of
the 0.1-m M7 canisters remained intact in half of the tests.
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ft/ There was no significant difference in the observed shock decay between
W• inerted, ambient live, and preheated live munitions. The average shock wave travel,

above the apparent sonic velocity of 2.0 mm/microsec, was 115.1% 8.5 mm throigh the
munitions for all tests. A shock travel of 130 mm above 2.0 mm/microsec was observed in
a similiar detonability test on a mockup which contained no reactive ingredients. These
results, together with the recovery of intact portions of the munitions in many tests, are
conclusive evidence for non-detonability of the munitions.

The body of this paper is organized into four major sections following this
introduction and summary. Section 2 describes the technical approach, the background
for selection of the detonability test configuration, the basis for selection of test
conditions, and the basis for interpretation of the results obtained. Section 3 describes
the specialized experimental apparatus used for these tests. Section 4 presents the
experimental procedures used and the results obtained. Section 5 lists conclusions from
this work.

2. TECHNICAL APPROACH

2.1 Background

The process of detonation can be described as a supersonic compressive
shock wave driven through a reactive material by the energy released in the Chapman-
Jouguet (C-J) reaction zone immediately behind the shock wave. The adiabatic heating
associated with the shock compression of the material triggers the chemical reaction(s)
responsible for the energy release. Immediately behind the shock wave, the particle or
mass velocity is in the same direction as the shock wave velocity. The mass velocity,
pressure, and internal energy decay behind the shock wave front. The energy released
behind the shock wave front can contribute to driving the shock front only in the zone in
which the energy transfer speed (the sum of the local sonic velocity plus the mass
velocity) is equal to or greater than the shock velocity. As the mass velocity, pressure,
and temperature decay behind the shock front, a limiting boundary is reached where the
energy transfer speed drops below the shock velocity. The shock wave and this boundary
define the C-J reaction zone. Chemical reaction may continue behind this boundary and
can contribute to the total energy released during explosion but cannot influence the
detonation (or shock wave) velocity. In a uniform charge of constant cross sectional area
and confinement along its length, a steady detonation velocity is normally achieved in
which the energy released in the reaction zone is equal to the energy required to drive the
shock wave (the energy required to shock compress the unreacted material).

However, at the lateral surfaces of the charge, a portion of energy
released in the reactiov zone is also expended in the production of lateral mass velocity
components and resultant lateral expansion of the charge. This energy is lost for the
purpose of driving the detonation front, but must be included in the energy balance which
determines the detonation velocity. Because the ratio of lateral surface area to reaction
zone volume increases as the charge diameter decreases, the fraction of energy lost
laterally increases with decreasing charge diameter. This effect can lead to a decreasing
detonation velocity with charge diametei because the energy required to drive the shock
front decreases with shock velocity. With decreasing shock velocity, the shock pressure
and induced temperature rise also decrease. These decreases lead, in turn, to a generally
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exponential rate of decrease in chemical reaction rate. The detonation velocity does not
decrease below a certain level which depends on the detailed characterics of the reactive
material. Instead, a minimum diameter (the critical diameter) is reached below which a
sustained detonation is not possible.

Because the critical diameter arises due to lateral energy losses from the
reaction zone, the critical diameter of a given reactive material also depends on the
lateral confinement of the charge. Thus the critical diameter for a charge inside a
confinement tube is less, perhaps much less, than for an unconfined charge.

In sufficiently large charge diameters, many energetic materials such as
gun and rocket propellants can be detonated. These materials are not commonly referred
to as detonable materials because their critical diameters for a sustained detonation are
simply larger than are normally prepared and/or no sufficiently large initiating shocks (in
magnitude and cross-sectional area) are available to start the detonation process.

Z.Z Selection of Test Configuration

The determination of the detonability of the material of interest here, i.e.
BZ-pyromix, from a practical viewpoint need not be an absolute determination, but rather
a determination of detonability under the combined conditions of maximum existing
charge diameter and lateral confinement. Within the BZ munition inventory, these
conditions are fulfilled by the M138 bomblet packed into the M43 cluster munition, see
Figures 1 and Z.

4

The array of 19 M138 bomblets through a cross-section of an M43 cluster
might be considered to form an equivalent diameter larger than a single M138 from the
standpoint of critical diameter for detonation. However, a deflagration-to-detonation
transition (DDT) must occur over a diameter at least equal to the critical diameter to
develop a self-sustaining detonation. Thus, if the critical diameter is greater than the
diameter of a single M138, but smaller than an M43, a DDT must occur simultaneously in
three or more contiguous M138s. A DDT in a single M138, being below the critical
diameter, could not occur and an induced detonation wave in a single M138 would be
quenched. The likelihood of a DDT occurring simultaneously across the junctures of the
M138s so that the resultant detonation wave was contiguous across the junctures of the
M138s appears negligibly small under any conceivable real circumstances during demili-
tarisation. Hence, we believe that proof of the critical diameter for detonation of BZ-
pyromix being greater than that of a single M138, as confined inside an M43, it sufficient
to support an assessment of non-detonability for all of the BZ munitions.

An M138 inside an M43 is confined around its perimeter by line contacts
with six adjacent M138s along its length. The combined wall thickness of the M138 case
and contained M? canister cases approximates 3 mm of steeL Hence, a test of an M138
contained inside a steel tube with a 3-mm wall thickness would provide an over-test of the
confinement provided by the adjacent M138's in an M43 cluster. Thus the munition

L selected for detonability tests was a single M138 housed inside a close-fitting steel tube
with a Z.3-mm wall thickness, (the nearest standard sine to 3 mm).

From the standpoint of theoretical predictions of detonability, the max-
imum possible energy release from the reaction of the BZ-potnix can be equated to the
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energy required to drive a shock wave through the unreacted material. By ignoring lateral '

energy losses, the problem is simplified and becomes equivalent to mocking up very large
or well confined charges. A calculational scheme based on the above premises has been
built into a computer program called TIGER.

It should be noted that this calculation cannot predict whether detonation
will or can occur because it cannot be predicted at present whether the hypothesized
reactions can occur rapidly enough to take place within the C-J reaction zone. Thus, this
calculation is a prediction of the theoretical upper limit for the detonation velocity and
pressure within the uncertainty of knowledge of the required inputs to the code
calculation. The TIGER code was run for the BZ-pyromix composition by Robert Gentner
of ARRADCOM(2), Dover Site. The theoretically predicted detonation velocity was 3.3
mm/microsec at a pressure of about ?.5 GPa (Z6 kbar).

* Thus for detonability testing, a donor charge which provides a shock
velocity (and pressure) input to a confined M138 over its entire cross sectional area in
excess of the predicted upper limit sustained detonation velocity (and pressure) is all that
is required. In the absence of a detonation, the input shock would be expected to decay
along the length of the M138. The shock pressure would decay from the initial high input
pressure from the donor charge to very low levels. Accompanying the pressure decay, the
shock velocity would decay from high initial values of 5 mm/microsec down to the sonic
velocity in BZ-pyronix. There does not appear to be any sonic velocity data available for
BZ-pyromix. However, based on comparisons with other materials it seems unlikely that
the sonic velocity will exceed Z.3 mm/microsec, and may be appreciably lower.

Z.3 Basis for Interpretation of Results

Historically, and commonly, the occurrence of a detonation is signalled by
the perforation of a steel witness plate in close proximity to the charge(3 ). However, in
the case of BZ-pyromix, the predicted upper limit detonation parameters are sufficiently
low that such perforation might not occur even in the presence of a detonation. Instead, a
dual basis for the test interpretation was developed. One relies on instrumentation in the
core hole to measure the shock front position with time (and hence shock velocity by
differentiation) along the length of the M138. The other relies on visual observation of
the remaining metal parts after the test. In the event of failure of the real time
instrumentation or as confirmation, a post-test examination which shows major parts of
the M138 remaining intact, or broken into fairly large pieces, constitutes evidence for
non-detonation. A measured sustained shock velocity in the M138 near 3 mm/microsec
coupled with fragmentation of the metal parts would constitute evidence for detonation.
On the other hand, a decaying shock velocity to Z.3 mm/microsec which remains below
this value together with some metal parts remaining intact, or only fractured in relatively
large pieces, would constitute a non-detonation. In this context, "relatively large" pieces
means fragments approximate to the length of an M7 canister and wide enough to span
about one-half the M138 circumference.

Z.4 Test Conditions and Lot Selection

Processes being evaluated for application to the demilitarization of the BZ
munition inventory involve handling of the munitions in both inventory condition and after
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inarting by submersion in an inerting liquid. Destruction is expected to occur by burning
off the BZ-pyromiz in a heating chamber or rotary kiln, with subsequent incineration of
the evolved BZ vapor or aerosol. Thus it is desirable to obtain data on the detonability of
munitions at ambient temperatures in (1) the inventory condition, (Z) after short (5-
minute) inerting liquid submersion and (3) after normal (Z-hour) inerting liquid submersion
for a plant design to withstand detonation effects, if shown to be necessary. Since
heating of munitions is also contemplated, it is desirable to obtain detonability data on
preheated munitions as an aid in assessing the requirements for the heating-functioningi furnace or kiln.

Bomblets which had been downloaded from M43s were available for testing

from several different lots of production. Production testing showed the burning (normal
functioning) rates to vary appreciably from lot to lot. Although there is no known
correlation between detonability and burning rate in the normal functioning mode, the
burning rate data seemed likely to be the most significant data available. Thus M138
munitions were selected for test from all available lots, but with replications of the
fastest burning and near the slowest burning time munitions available. The numerical
values of this parameter are reported in Section 4.1 on test conditions and lot selection.

3. EXPERIMENTAL APPARATUS

To conduct the planned series of detonability tests, two major items of
equipment were requireds

e An explosive and gas containment vessel capable of containing the
detonation of at least 1.5 kg TNT-equivalent high explosive and
retaining the gases and aerosol without significant leakage

e A vapor incinerator, afterburner, and water quench system capable of
reducing the BZ content and temperature of gases resulting from the
detonability tests to a level allowable for discharge into the igloo
environment.

The vapor incinerator, afterburner, and water quench system was con-
structed to obtain preliminary plant design information as well as to destroy the BZ
vapor/aerosol generated during these tests. The incinerator system was extensively
tested and qualified for the destruction of BZ prior to the conduct of these tests. It has
been described in detail elsewhere.(4 )

3.1 Blast Containment Sphere

The blast containment, vessel was modified from a previously constructed,

1.07-m- diameter spherical chamber with an average wall thickness of ZZ.9 am.(S) For
this application, the original port reinforcing ring and door were replaced by an 0-ring-
sealed door externally mounted and secured by a double row of bolts. This port design was
patterned after similar closures which had been qualified for blast containment at Los
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Alamos National Laboratory. Additional penetrations were a high-pressure, 28-pin
electrical lead-through manufactured by D. G. O'Brien, incorporated for heater and
instrumentation connections, and two Swagelok® high voltage lead-throughs for the
exploding bridgewire detonators. Piping connections for the pressure transducer and for
gas parging were made through the door. After modification, the sphere was requalified
by the test firing of a 1.82 Kg spherical composition C-4 test charge, ag well as static gas
pressure tests at Z.27 MPa. These tests have been previously described in detail.(6 )

3.2 Fragment Restraint Assembly

Figure 3 shows a schematic of a hot detonability test assembly arranged
Inside the containment sphere. To provide protection for the sphere interior from
fragment damage, a 0.46-m-length of 0.41-m O.D. pipe with near 25.4-mm wall thickness
was hung, as shown, on the sphere horizontal centerline. This pipe was specially
constructed of high toughness steel alloy. It was fitted with a replaceable, mild steel
liner rolled from 9.61-mm-thickness plate. The pipe provided the structural strength to
absorb the fragment momentum while the liner absorbed the fragment craters. About
midway through the test series, the liner was replaced as planned, to prevent penetration
of the accumulated fragment craters through the liner.

3.3 Detonability Assemblies

Inside the fragment restraint pipe, the detonability assembly was supported
on the sphere centerline by a thin steel cradle. The assembly shown schematically in
Figure 3 is for a preheated detonability test. At the heart of the assembly is a specially 4,

instrumented M138 bomblet which is described in the following section (Section 3.4). The
bomblet is secured inside a 13-gage steel tube over its full length to provide the desired
additional confinement. This tube in turn was fitted with two separate fiberglass-
insulated electrical heating tapes, a main heater and an end compensating heater. Each
heater was controlled with the aid of a thermocouple, hard-soldered to the confinement
tube. The two control thermocouples were connected to strip chart recorder-controllers.
The heaters were powered through variable autotransformers which were adjusted during
heating to maintain the center and end thermocouple at near the same temperature and to
maintain good temperature control once the heating jacket reached the desired
temperature.

The 1.3-lb composition C-4 donor charge was designed to provide a charge
length at full diameter equal to the charge diameter plus a conical lead-in to insure near-
planar, axial symmetry of the detonation shock entering the munition. For the pre-heated
tests, it was supported inside a fiberglass-reinforced silicone plastic tube, separated from
the M138 by a 51-mm air space during heating to minimize preheating of the C-4. After
the desired preheat, a specially-designed electric gearmotor actuator moved the charge
into firm contact with the M138 just before detonation. The C-4 charge was contained
inside a 0.20- to 0.46-mm thick vacu-formed PVC container. This container was
supported by a strong, wooden mold during packing of the C-4 plastic explosive to allow
the production of a fully densified charge of the correct dimensions. After packing, the
thin plastic container provided sufficient support to allow easy handling of the explosive
charge.
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The C-4 charge was detonated by an RP-83 exploding bridgewire detonat6r.
This detonator was selected to provide safety from stray electrical currents during
loading operations. The exploding bridgewires were fired by a Model FS-10 firing unit
manufactured by Reynolds Products, Inc.

The confinement tube for the unheated M138 munitions was identical to
that for the heated munitions. For these tests, the composition C-4 charges were secured
in firm contact with the munitions by the force of several strong rubber bands between
the M138 and a specially shaped, wooden block across the base of the C-4 charge.

3.4 Instrumented M138 Assembly

The M138 itself was fitted with a special detonation probe assembly
inserted into the core hole of the munition. Figure 4 shows the detonation probe
assembly. As shown, the assembly was comprised of two Z8 ga type K (Chromel-Alumll)
thermocouples and two detonation probes potted inside a low-density polyethylene tube.
The header assembly served to protect the otherwise extremely fragile connection
between the detonation probes and the coaxial cables used' to connect the probes to the
exterior instrumentation.
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FIGURE 4. DETONATION PROBE ASSEMBLY
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Two detonation probes were used in each assembly to provide redundant
information on the position of the shock front (Figure 4). Each probe was comprised of a
0.51-mm-diameter alumirum tube (0.038-mm wall thickness) containing an 0.0ZS-mm-
diameter Moleculloy® resistance wire (0.33 ohms/mm resistance). The resistance wire
was insulated by skip-wound nylon. The resistance wire was soldered to the aluminum
tube at o4e end end connected to the center wire of the coaxial signal cable at the other.
The aluminum tube was connected to the coaxial cable shield.

In operation, a high pressure shock wave travelling up the M138 and probe
from the originally shorted end progressively shorted out more of thi resistance wire by
crushing the aluminum tubing against the wire. Of course, if the pressure in the shock
wave dropped below that required to crush the tube, the probe would cease to provide
position data; at pressure levels near the threshold, the crushing of the tube could be
expected to be somewhat erratic. The circuitry associated with each probe consisted of a
battery-powered, constant current source and a high-impedance measurement of the

variation in voltage across the prcbe with tiwe, With appropriate calibrations, the
measured voltage could be related to the position of the shock front (as described in detail
in Appendix A). The constant current supply was adjusted to provide -74 mA through the
probe resistance of -lZ1 ohms, giving an initial voltage of -9V. This represents a power
dissipation of -Z/3 Watt so that neglible heating was preduced by the probe exitation
current.

The detonation probe assemblies for the ambient temperature tests were
identical to those shown in Figure 4 except the thermocouples were not installed.

To insure that no interference would be encountered during assembly of the
6.4-mm probes into the M138 munition, each core hole was optically gaged with the aid of
a small (Z mW) He-Ne laser fitted with a beam expander which provided a UZ-mm
diameter parallel light beam. If the iight beam was unobstructed over at least a 6.4-mm
diameter after passing through the core hole of the munition, the probe could be safely
inserted. This optical gaging technique showed that all munitions were safe to ins'!rt the
6.34-mm probe.

One detonation probe assembly was potted inside the core-hole of each
M138 bomblet tested. The core hole surrounding the detonation probe was filled with a
low viscosity epoxy resin (Hysol® resin R8-Z038 with HD-3404 hardner). The active end of
the actual detonation probes were approximately 1/4-inch, or 6.3 mm, from the end of the
bottom M7 canister. The fuze cavity at the lead end of the M138 was filled with another
epoxy potting compound (Hysol® C8-4143 resin with HD-3404 hardener). This resin
contains 50% silica filler to reduce shrinkage during curing. Both epoxy resins were pre-
checked for temperature rise during curing in the configurations used and found to be
satisfactory. The resultant instrumented M138 was mechanically quite strong to allow
handling and installation into the blast containment sphere for testing. Al! electrical
leads were pre-connected and potted in.to a large. Z8-pin plug which mated with the lead-
through mounted in the blast container wall. Thus it was possible for operating personnel
in Level B protective clothing (gas masks, rubber aprons, boots and gloves) to assemble
and install these highly instrumented assemblies into the blast containment sphere without
recoursc to soldering operations.

It should be noted that both ends of the coaxial cables used for the
detonatiou probe leads were entirely sealed by immersion in epoxy potting. In addition,
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the plug O-ring sealed into the containment lead-through socket. Thus the entire probe
circuits were protected from the short-cir-cuiting effects of the high pressure, ionised air-
shock wave generated by detonation of the C-4 charge, assuring aainst premature loss of
the detonation probe signal from this source.

Another result of installation of the detonation probe assembly was to
provide additional lateral confinement of the M138 by preventing the free expansion of
the reaction products into the core hole, which would normally occur with inventory
munitions. This provided an additional degree of overtest which was necessitated by the
requirement to provide a continuous shock path through solid material from the BZ-
pyromix fill to the detonation probes.

3.5 Electronic Data Acquisition Apparatus

A block diagram of the apparatus used for gathering the sphere pressure
and detovation probe data is shown in Figure 5, together with the detonator firing circuit.
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In operation, the shot was fired by a push button on the FS-10 firing unit. This unit,
through the firing module, produced pulse needed to fire the exploding bridgewire
detonator, Reynold's RP-83. At the same time the firing pulse was initiated, a 30-V pulse
was generated which served as a trigger signal for the fast data acquisition system.

The fast data acquisition system was comprised of two major parts, the
detonation probe and pressure-signal processing eubsystems. The detonation probe
subsystem consisted of two adjustable constant current power supplies and a Physical
Data Inc. Model 5Z3-AZ two-.channel transient waveform recorder. This unit provided
4096 digital samples for each channel at 0.1 microsec per sample. After temporary
digital storage in the unit, it was subsequently transferred at a reduced rate, in analog
form to the Smartscope® where it was re-digitized and processed. The plots shown in this
paper were generated directly on the Smartscope plotter.

The internal pressure in the sphere was monitored by a Viatran Model 108
pressure transducer and recorded on the Smartscope where it was sampled over a 10-sec
period with 1-msec resolution. The appropriate calibrations were input to the Smartscope
so that its digital plotter produced the pressure time records directly.

4. EXPERIMENTAL PROCEDURES AND RESULTS

The detonability tests were conducted in a storage igloo at Pine Bluff
Arsenal, Pine Bluff, Arkansas. This igloo was equipped with a personnel change house,

4 filtered ventilation system, and the necessary gas and power supplies. It also housed the
. $ pilot scale incinerator used to dispose of resultant BZ aerosol. After initial training, all

munition preparations and test operations inside the igloo were conducted by technicians
from Pine Bluff Arsenal. Explosive charge preparation, and all handling operations
involving explosive and detonators, were performed by members of the 5Znd E.O.D.
Detachment at Pine Bluff Arsenal.

4.1 Test Conditions and Lot Selection

As described in the technical approach, munitions were selected from all
available downloaded lots to provide as broad a sampling base as possible. In addition,
where duplicate tests were possible, they were grouped at the extremes of low and high
burning times. Table ! shows the test sequence. As shown, the tests were in four groups.
The first two tests were conducted on "inerted" M138 munitions. Inerting was done by
immersion for Z hours in a vertical position in water with 0.01% Avirol-113 (a wetting
agent), after removal of the sealing tapes from the ends of the core holes. After inerting,
the munitions were allowed to drain overnight in a vertical position, before potting the
instrumentation into th3 core hole.

The short inerting on the second two munitions was done the same as for
the inerted munitions except the immersion time was 5 minutes.

The third group of three munitions were tested in the inventory condition.
All three of these groups were tested at ambient temperature (~Z7 C).
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Table 1. Test Variables for M138 Detonability Tests

Test Munition (urningta) Test Conditions

No. Lot No. Time' Preparation Temperature
1021- Sea. C

D1 35-153 31.2 Inerted ambient
D2 44-1123 17.0 inerted ambient

D3 33-153 31.2 short inerted ambient
D4 44-1123 17.0 short Inerted ambient

D5 35-153 31.2 live inventory ambient
D6 41-187 26.5 live inventory ambient
D7 44-1123 17.0 live inventory ambient

DS 33-153 31.2 live Inventory Intended 10 5 (b)

D9 41-1113 30.7 live inventory intended 1 0 5(b)

DIO 33-153 31.2 live inventory 74
D11 41-187 26.5 live inventory 81
D 12 41-1103 23.3 live inventory 81
D13 36-160 22.5 live Inventory 82
D14 4- 1123 17.0 live inventory 84
D15 36-181 28.0 live inventory 81
D16 36-157 21.0 live Inventory 81
D17 41-1113 30,7 live inventory so

(a) Of all M43s produced, the shortest burn time measured was 15.3 sec. Only

3 lots had burn times less than 17.0 sec. Some production lots burned considerably
slower than the slowest lot available for these tests; five lots had burn times
greater than 40 sec.

(b) Munition functioned during heating.
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The fourth group of tev munitions were tested in a preheated condition. As
shown in Table 1, it was intended to preheat the munitions to a temperature of 105 C.
This temperature was chosen to provide a 5 C margin of safety over tests with an inert
simulant which caused extrusion of the fill(7). The preheating protocol was to heat the
outer shell to the desired test temperature then maintain this shell temperature until the
core temperature reached the approximate shell temperature. During heating of test D8,
the BZ-pyromix ignited aiter the heater shell had been at 106-107 C for 58 minutes and
the core thermocouples were indicating 75-77 C. No previous ignition of starter mix or
BZ-pyromix at this low temperature had been observed. Hence a second attempt to
preheat to 105 C was made in test D9. Again, ignition occurred before the test
temperature was reached. This time ignition occurred 74 minutes after the outer shell
reached 105-106 C and at an indicated core temperature of 88 C. Ignition of the pyromix
caused the Composition C-4 to burn as well, so that no safety problem occurred. No
detonability data were obtained from these two tests and it was decided to reduce the
test temperature to 80 C.

When the outer shell temperature was restricted to 80 C, the heating time
was too long to allow the core to reach 80 C. Thus test D10 was fired at a core
temperature of 74 C, Z.4 hours after the shell reached 80 C. In subsequent tests, the shell
temperature was raised to 90-93 C to provide an increased thermal gradient to drive the
core temperature up to 80 C. Slightly before the test, the shell temperature was allowed
to cool to near 80 C, so that near isothermal conditions were established.

In test D11, the actuator motor to move the Composition C-4 donor charge
into contact with the M138 was found to be jammed in an attempt to operate the motor
after preheating. Due to possible safety problems in handling a previously preheated
device, the donor charge was fired, aborting test D1I.

All remaining tests provided detonability data for the M138 configuration
tested. However, much of the data obtained was quite noisy, which required the use of
special techniques to extract meaningful data from the records. These data reduction
techniques were carried out on the data as stored within the Smartscope so that the data
plots presented herein were entirely machine-produced.

4.Z Typical Results Obtained

The results obtained from detonation test D7 are fairly representative of
the data obtained from each test. In some cases data from only one probe were obtained
and the data ranged from somewhat less to somewhat more noisy. In this section all of
the intermediate steps in the data reduction of test D7 are shown in graphical form.

The graphs presented are:

* Original data as recorded and transferred to the Smartscope

* Conversion of the probe voltage data to shock position data after
application of the basic data reduction constants

* Velocity determined after application of the data smoothing
operations to reduce the noise content
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* Comparison of the smoothed position-time data from the two probes

e Stepwise slope (finite-difference differential shock velocity) of the

posttion-time data

e Crose-ploto of the shock velocity versus shock position data.

Figure 6 shows the original voltage versus time data recorded from the two
probes of test D?. The initial large amplitude ringing noise shown on this record appeared
only after a replacement Physical Data recorder was put in service. It was not possible to
find and eliminate this noise source during the time frame of these experiments.

5.4

3.1

2.0

Le.

a;. O2•.5 4.0us

TIE. SECONS

FIGURE 6. EXAMPLE ORIGINAL DETONATION PROBE VOLTAGE-TIME
DATA AFTER A MINOR SMOOTHING OPERATION. (TEST D7)
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Figure 7 shows the probe voltage curves after converslon to position-time
data. This step is described in detail in Appendix A. Briefly, the constant current value is
obtained from an auxliary measurement of the voltage through a known resistance. With
the current knowlnp chang~es in voltage can be related to cmagjes in probe resistances

4.

3.1

i rt""1.5 t.s •:.s 4. •.

?IMLU 59CONDS

FIGURE 7. EXAMPLE ORIGINAL VOLTAGE DATA CONVERTED TO
POSITION DATA BY APPLICATION OF CALIBRATION
CONSTANTS AND RESISTANCE/UNIT LENGTH OF THE
PROBE RESISTANCE WIRE. (TEST D7)

Liketwise, with the resistance change known, and the probe resistance per unit length
known, the shock position can be derived as shown. The deviation between the two curves
at long (ZOO mm) shock travel distances arises because the low pressure which exists in
this region is unable to produce precision crushing and shorting of the detonation probes,
as it does in r~gions of higher pressure (smaller travel distances).
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An example of reduction of noisy data by smoothed line construction is
shown in Figure 8. The basis for drawing the smooth line Is as follows. In the initial time
region whore the data curve is dominated by a ringing-type noise, the smoothed line is
made up of a number of short straight line segments drawn through the average value of
the initial ringing signsa period by period. Later, the data was smoothed on the basis of
engineering Judgment as to the probable average position of the shock pressure front, with
the 8uidellne that the actual shock front progress has momentum associated with it and
would be expected to follow a smooth line of progress. Of course, the munition itself is
not homogeneous along its leng, but is made up of four M? canisters stacked end to end.
Each MT has 1.S-mm steel end closures, separated by a 1.0-mm thick plastic spacer.
These discontinuities occur at three places along the munition length, as shown in Table Z,
which also gives the total BZ-pyromix length. The detonation probe records frequently
stop changing with time before the full length of the munition is reached. This means
that the shock pressure had dropped too low to continue crushing the detonation probe
tube.

4

3.3

!)

Sma, fur

iI

FIGURE S. EXAMPLE S1HOWING SMOOTHED LINE THROUGH THE
ORIGINAL POSrTION--TIME DATA. (TEST D7, PROBE I)
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Table 2. Locations of Discontinuities for Shock
Travel Along M138 Lenlth

S.... ... Location. mm

Discontinuity From Shock Entrance As PlottER

Inside Rear of
Ist Canister 95.3 39.2

Inside Front of
2nd Canister 101.0 94.7

Inside Rear of
2nd Canister 195.1 138.8

Inside Front of
3rd Canister 200.6 194.3

Inside Rear of
3rd Canister 294.6 283.3

Inside Front of
4th Canister 300.1 293.8

Inside Rear of
4th Canister 396.2 389.9

Outside Rear of
4th Canister (End of
B.-Pyromix Con-
tainers) 397.2 390.9

Note The words "rear" and "front" mean the ends encountered last and first

respectively by the shock wave.
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Figure 9 shows a comparison of the two smoothed location - time curves
from test D7. The curves track very well together until near the ZOO mm location. This T L
is after the shock velocity has decayed to the apparent sonic velocity in the material
indicating that the pressures are no longer hiSh.

4.

\

1.0

U..

TIME, SWCAM$0 041-

FIGURE 9. EXAMPLE COMPARISON OF THE TWO SMOOTHED
POSITION-TIME CURVES OBTAINED FROM THE SAME TEST
(TEST D7)

Figure 10 shows a velocity versus time record obtained by simply taking the
slope of the position time curve at 10-microsec intervals along its length, and plotting this
velocity as a constant over that time period. Figure 11 shows a final plot of shock
velocity versus shock position. This plot is cross plot of the position data from the upper
curve of Figure 10 and velocity data from the lower curve using time as a parameter.
From plots of this type, the determination of shock travel at velocities greater than 2.0
mm/imicrosec was made. The discontinuities near ZOO and 300 mm travel are apparent on
these plots, coinciding with the ends of the M7 canisters.
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UPPGTER CURVE (TEST D7 PROBE 1)

U.9



4.3 Results

From each final plot, the shock travel at a velocity greater than 2.0
mm/microeec was measured and is tabulated in Table 3. Here, the limiting value of 2.0
mm/microsec was chosen over the initially selected 2.3 mm/microsec value after
examination of the data which showed that the observed velocities generally fell below
this level. (Results using 2.0 mm/microsec versus Z.3 mm/microsec are conservative.)
Occasionally, near the end of a record, velocities slightly over Z.0 mm/microsec were
observed; this was attributed to the irregular performance of the probes at low pressure
levels. This conclusion is supported by the recovery in several tests of intact portions of
munitions which came from the same regions where these late velocity excursions were
observed. It should be noted that the shock travel at velocities greater than 2.0
mm/microsec for an simulated non detonable test item(7) was 130 mm, with a very similar
velocity decay curve. Improved data reduction techniques from those used in Reference 7
Were used on the current data set* so that the difference between the current data and
the simulated non-detonable item may be less than suggested by the numbers. In any
event, the results obtained from the current tests on live BZ-pyromix were quite similar
to those obtained on the simulated non-detonable mockup item.

With respect to the munition remains after the test, about two-thirds of
the original munition remained intact, with no burning of the remaining BZ-pyromix-fllled
canisters in the inerted and short-time inerted munitions tests. For the non-inerted
munitions, a vigorous reaction of most or all the BZ-pyromix occurred. Although the
entire munition was broken up, many large fragments with areas almost one-half that of a
single canister case remained, indicating that the pressures developed prior to canister
burst were not appreciably above the minimum pressure required to burst them, far below
the predicted detonation pressure. In the unheated non-inerted tests and preheated tests
Dll and D12, all canisters were destroyed. In the other preheated tests, one distorted but
intact M7 canister remained, except in test D17 where two M7s remained intact. In test
D17 there also was evidence of unburned BZ-pyromix. The bursting of the M7 canister's
M138 sleeve and the added confinement tube in these tests due to the reaction of BZ-
pyromix was to be expected because the core hole (which normally vents the generated
gases and BZ aerosol) was securely plugged with epoxy resin cast in place.

Both the active instrumentation and the post-shot appearance of the
munition remains confirm that no sustained detonation occurred, nor does there appear to
be any evidence for a fading detonation as would occur with a material which would
support a sustained detonation in a slightly larger charge diameter.

* The difference arises principally in the use of an additional calibration which eliminates

the effect of long term drift in the constant current. It was found after the tests of
Reference 7 that the current provided by the constant current supply slowly drifted up
with time between pre-calibration measurements and conduct of the test. This drift
went undetected in the initial non-agent tests.
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Table 3. Shock Travel at Velocity Greater Than 2.0 mm/mlcrosec

Average Standard
Within Deviation

Test Probe I Probe 2 Groups of Group
No. mm mm mm mm

Dl 100 -

D2 107 - 103.3 I 4.9

D3 116 -

D4 92 92 104 : 17.0

D9 98 116

D6 11 123

D7 100 100 109 ± 10.1

D9 - -

DI0 120 130

DII ,8(a) 59 (a)

D12 108 -

D13 108 112

D14 102 110

D1 113 -

D16 109 106

D17 106 113 111.6 1 6.6

Overall Average 108.5 $ 8.5

(a) Not Included In averages because of no contact between donor
charge and M 138 munition.

Notes The total shock travel distance is 6.3 mm greater than the values
shown because the end of the active probe was 63 mm from the
lower end of the munition.
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Additional evidence regarding the reaction of the BZ-pyromix was obtained '

from the measurement of pressure inside the sphere following the detonability tests. An
example pressure measurement record is shown in Figure 1Z for test D7. As demonstrated
in this example, all records showed an initial spike pressure which rapidly decayed to a
more slowly changing presmre, called the initial steady pressure. Ten of the 15 records
obtained showed a small increase to a maximum pressure in a small fraction of a second,
followed by, a steady pressure decay to the last accurately measured pressure at 10
seconds after the test.

1.9

i.4

I.,

9.,

6.6

0.4

e.2

I!
Kse

i's 3-0 ;t 91 46 's W.0 W. so.*:,I

SEC..CNDS mm

FIGURE 12. EXAMPLE PRESSURE MEASUREMENT RECORD. (TEST D7)
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Table 4 shows a tabulation of the measured pressures from the records as

identified in the example above. Examinatiou of this data shows that the initial spike and
maximum pressures fall into three groups corresponding to the inerted, short-time
inerted, and live munitions. The live munition group includes both the ambient and
preheated munitions mixed together. This grouping is shown graphically in Figure 13. The
separation of these initial and maximum pressures may be taken as an indication of the
fraction of the BZ-pyromix which reacted in the first few tenths of a second. Thus there
appears to be no significant difference in the amount of BZ-pyromix reacted during shock
wave passage (or detonation if it occurred) between the ambient temperature live
munitions and the preheated live munitions.

4

MflA MFK FREESSUREIVIMA WWT. STEADY RESDJME/ / - s

2'- AIERT LIVEORT..IN rED

* I FOaTINHEATE• PtELIATE

LIVE

"FIGURE 13. PRESSURE DISTRIBUTION HISTOGRAMS,
CLASS INTERVAL 2 PSI

During the decay of pressure in the first ten seconds, however, the ambient
temperature and preheated tests divide into two groups as shown in Figure 13. Signifi-
cantly less pressure decay occurs in the preheated group than in the ambient temperature
group. This shows that the reaction of the BZ-pyromix which remained after initial shock
wave passage in the preheated group was taking place faster during the first ten seconds
than in thL unheated group, but by a gradual and progressive process, not a detonation.
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Table 4. Sphere Pressure Rise

IntIalr Initial After
Spike Steady Maximum 10 Sec

Test Pressure Pressure Presue Time Pressure
No. psi psi pSI sec psi

1Di s8.2 69.2 70.9 .16 40.1

02 84.3 75.0 75.0 - 40.7
03 94.5 80.0 80.0 - 48.8
04 101.3 '90.9 90.9 - 43.5
LD 118.0 108,5 108.5 - 64.2
06 113.8 107.8 111.6 - 67.4

D7 116.1 108.8 110.0 .11 65,8

DIO 119.5 '10. 4 113.4 .41 83.2

DII 121.4 113.5 114.7 .13 79.4

D12 122.8 1'2.2 114.5 .18 80.8

D13 123.3 110.8 111.6 .13 77.8
D14 123.4 108.4 109.1 .18 77.6

D15 150.0 109.8 109.8 - 80.1
D16 120.8 ,12. 5 113.8 .07 78.0

D17 115.6 109.8 111.0 .07 74.8
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4.4 Aalluis of Results

The effects of pie-treatment inerting, short-time inerting, ambient or
preheated condition on the shock travel distance at velocities greater than L.O
mm/microsec was analyzed by comparing the average run distances and standard
deviations between groups with different pre-treatments as shown in the two right hand
columns of Table 3. The standard deviations of groups generally overlap the means of
other groups. It appears that there is no significant difference in shock travel distance
between different pre-treatments.

The effect of lot burn time on the shock travel distance at velocities
greater than 2.0 mm/microsec observed was analyzed. Again no significant correlation
was found.

The effect of pre-treatment on the pressures developed within the sphere
and the subsequent pressure decay has been presented in Figure 13. Analysis for
additional correlation of the pressure parameters shown in Table 4 with the measured burn
times for each lot showed no correlation between burn time and any of the individual
pressure parameters.
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Based an the results obtained during these tests and their analysis, the
following conclusions are drawn:

1. The BZ-pyromiz contained In the M138 bomblet configuration Is non-
detonable.

2. The observed shock wave decay in the munitions from the C-4 donor
charge was not affected by prt-treatment inerting by immersion in a
water/wetting agent solution, nor by preheating to 80 C.

3. The observed shock wave decay agreed, within experimental error,
with the observed shock wave decay in a previous test of an inert
mockup munition.

4. No significant correlation exists between a tendency to react during
passage of a high pressure shock wave and munition burn time.

L|
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APPENDIX A

RESISTANCE PROBE DATA REDUCTION
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APPENDIX A

Resistance Probe Data Reduction

The resistance probe circuit Is shown in Figure B-I. It consists of the
detonation probe supply circuit connected to the detonation probe and to the recording

device. The constant current supply makes the output voltage to the recording device

proportional to the resistance to ground. In operation, the switch is turned first to

"operate" and the output current Is adjusted to make the output voltage near the upper

limit of the recording scale being used on the recording device to provide optimum

resolution of recording. Once the current is adjusted, it is not further changed

Intentionally. However, in practice the current from the supply remained constant

over short time periods, but drifted slowly upwards over longer time periods, such as
the time between calibration measurements and shot time. To compensate for this

drift, calibration measurements made before the test were adjusted at the time of the

experiments with the aid of the pre-detonation baseline voltage measured from the

actual detonation probe dynamic voltage record.
Three initial calibration voltage measurements were made at the recording

device:

Vo! obtained with the switch in the "operate" position,

Vcal 1 obtained with the switch in the "120 ohm cal" position,
and

Vgl obtained with the switch in the "short" position.

These three measurements were made over a short time period to insure against

current drift in the constant current supply. The measurement of Vol was repeated
after measurement of Vg,. No change in Vol assured that the initial measuring

current I, had indeed remained constant. From Ohms' Law we wrote

Vol = IIRp (1)

Vcal I" I (Rsw +Rcal) (2)

VgI - 11 Rsw (3)

where

R s is the total resistance in the probe circuit
p
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A,-3

Rsw a resistance of the switch contacts and directly associated

circuitry

Rca1 a resistance of precision resistance a 120 fl

By subtracting (3) from (2) the unknown switch contact resistance was eliminated, or

at least errors from this source reduced, and an expression for the initial measuring

current was obtained:

11 = (Vcal I i Vgl)/Rcal

After the shot was fired (switch In operate position), a measurement of the initial,

predetonation baseline voltage, say V. 2 yielded,

Rp • Vo2/l2 (3)
where 12 s the measuring current at shot time

This expression for Rp was equated to the value of Rp from equation (1) yielding:

I P
1 0o (6)

'2 Vo2

Finally the value of the total probe resistance is given by

RRp R Id + rp (L- x) (7)

where

Rid is the resistance of the connecting lead wires to the probe

rp is the specific resistance of the probe wire (in the present case

rp = 0.2892 0/mm or 39.13 2/ft).

L is the total length of the probe resistance wire

and

x is the length of probe resistance shorted out by crushing of the

surrounding tube by the shock wave pressure. This is taken as the shock

wave position which Is the value to be determined.

At shot time, Vo2 from (3) and (7) is given by:

Vo2 • 12 (Rid + rpL) (8)

and V the dynamic value of the signal voltage during the shot Is given by

Vs = 12(Rld+r p (L-x)) (9)
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By subtracting V3 (9) from V. 2 (a) the unknown probe lead resistance Rid and the probe
total length were eliminated. The resultant expression solved for x:

x {Vo2 - Vs)/Irp. (10)

The value for 12 was found from equations (6) and (4) and substituted into (10) to yield
the final expression for x In terms of known constants or measured quantities:

x Rcal Vol (Vo2"Vs) (11)

r V (V Vp o2 ~cal I - d

In practice, evaluation of (11) merely meant subtracting the time varying signal Vs
from the constant Vo2 and multiplying the difference by the experimentally derived

constant for each experiment of Rcal. Vo' /rpVo2 (Vcal I - Vgd)" (12)

The indicated operations were carried out by the signal processing capability of the

Smartscope.
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* • HAZARDS CLASSIFICATION TESTING

c AMMONIUM PERCHLORATE

C by

O Joseph P. Caltagirone, ARRADCOM
Darl E. Westover, ARRADCOM

Fred L. McIntyre, Computer Science Corp.

ABSTRACT

Baaed upon laboratory test results, the West German representative to
the UN Committee on the Transportation of Dangerous Goods has recommended'I that Ammonium Perchlorate(AP) of all particle sizes be classified as a
Class 1.1 explosive. If this recommendation is adopted it will have a
drastic effect on the transportation of ammonium perchlorate with commer-
cial concerns and military agencies. Under current regulations, only AP
with a particle size less than 45 microns is considered Class 1.1 (the
latest DARCOM regulation specifies 15 microns or less). Above 45 microns,
AP is classified as a 5.1 oxidizer. In order to resolve this difference,
a plan for conducting UN Test Series 6 for packaged AP, 200 micron size in
30 gallon, 250 lb steel drums was developed in cooperation with the JANNAF
Interagency Propulsion Committee and DARCOM Safety Office. This paper dis-
cusses the test plan, testing, results and recommendations.
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INTRODUCTION

Ammonium perchlorate (AP) is an oxidizer ingredient used in the manu-
facture of composite solid propellants. Under current UN regulation am-
monium perchlorate with a particle size less than 45 microns is considered
a Class 1.1 explosive (latest DARCOM reg specifies 15 microns or less).
Above 45 microns, it is classified as a 5.1 oxidizer. The hazards clas-
sification of ammonium perchlorate UN No. 1442 (AP oxidizer) has recently
been q.estioned by the UN Committee of Experts on the Transport of Danger-
ous Goods. If classified as a 1.1 explosive, it will have a drastic effect
on shipping with commercial concerns and military agencies. To resolve
this conflict, a series of tests was conducted in March 1982 in accordance
with INTEREG, Transportation of Dangerous Goods, 1981 edition. These
tests were managed by the Energetic Systems Process Division, Large Caliber
Weapon Systems Lab, ARRADCOM and conducted at NASA National Space Technol-
ogy Laboratories under the direction of the ARRADCOM Resident Operations
Office (AROO). This paper summarizes the test plan, tests, results and
recommendations. A more detailed account may be obtained from ARRADCOM
Report No. ARLCD-CR-82026, "Hazards Testing of Ammonium Perchlorate," May
1982.

TEST MATERIAL

Ammonium perchlorate, nominal 200 micron size, manufactured by Kerr-
McGee Chemical Corporation, was provided for testing. The package is a
113.6 1 (30 gal) DOT 37A-350 20-gage steel drum with a bolted ring clo-
sure. The dimensions of the drum are O.74m high by 0. 4 9m diameter with
0.8rm thick walls. (Note: This is a heavier gage (20 vs 24) drum than
required for U.S. shipment of this material. The material was packed in-
side the drum in two conductive polyethylene bags with approximately 4.5 kg
(10 lb) of dessicant placed atop the ammonium perchlorate inside the inner
bag. Gross weight of the drum and contents averaged 119.5 kg (264 lb).

The test plan called for sample analysis to verify particle size
distribution and moisture content of each drum. Particle size distribution
was determined in accordance with MIL-STD-2M6B and A3TM 300. Two samples
from each drum were removed from the center by a standard core sampler.
The 50 g sample was weighed and placed on a U.S. standard number 50 sieve.
Number 80, 100, 120, 140, 200, 325 sieves and a catch pan were placed be-
neath. All sieves were inserted into a Tyler Model RX-21 portable sieve
shaker for five minutes. The amount of material remaining on each sieve
was weighed. After particle size analysis, the individual samples were
recombined, weighed, then placed in a vacuum oven at 75 0 C (1670F) tempera-
ture for two hours at 29 inches vacuum. Each sample was reveighed and the
weight loss recorded as the moisture content, which was specified as
0.007 percent.
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TESTS

The tests required by INTEREG, Transportation of Dangerous Goods,
1981, for determining the hazards classification (Class 1.1, 1.2, 1.3, 1.4)
are:

1. Test Series 6a: Three single package tests
2. Test Series 6b: Three stack tests (5 packages minimum)
3. Test Series 6c: One external fire test (5 packages minimum)

Single Package Test

The purpose of this test is to determine whether initiation or igni-
tion in the package causes burning or explosion and whether burning or
explosion propagates within the package; also, how the surroundings are af-
fected.

Two series of single package tests were conducted three times each.
For both, a drum of ammonium perchlorate was placed on a steel witness
plate 0.81m X 0. 8 1m X 12.-mm thick (2.67 ft X 2.67 ft X 0.5 in) at ground
level. A Chromed/Alumel thermocouple was positioned inside the drum 25.4mm
(1 in) above the ignition/initiation source. An additional thermocouple
was fixed to the outside of the drum near the center. The drum was
confined by lm (3.28 ft) of sandbags in all directions to provide confine-
ment as specified in the INTEREG. For the first series of 6 a single
package tests, an S94 squib with 56 .7g (2 oz) of FFF ",ack powder was
placed in the center of the material as the ignition ýource. A typical
test setup is shown in figure 1. The second series of 6 a single package
tests were conducted using a No. 8 blasting cap as an initiation source in
place of the S94 squib and black powder ignition source.

An additional test, not specified in the INTEREG procedures, was con-
ducted on an unconfined drum ignitel by an S94 squib and 56 .Tg (2 oz) of
black powder.

Stack Test

The purpose of this test is to determine whether and in what way burn-
ing or explosion in the stack propagates from one package to another and
how the surroundings are endangered in this event.

It was planned to conduct the stack tests (6b) as shown in figure 2.
Five drums would be placed on ground level with a witness plate under the
donor drum which would be ignited by an 894 squib and 56 .7g (2 oz) of
black powder. Sandbags were to be placed around the entire stack lm
(3.28 ft) thick. Thermocouples would be placed in the donor drum as in the
single package tests.

However, since there was no explosive reaction in the 6 a single
package tests, the series 6b stack tests were deleted per paragraph 4.5.5
of the INTEREG.
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External Fire Test

The objective of this test series is to determine how the packages in
the stack behave when involved in an external fire and whether and in what
way the surroundings are endangered by blast waves, heat radiation, and/or
fragment projection.

One test was conducted as required. Five drums, each containing 113.4
kg (250 lb) of ammonium perchlorate, were placed on a steel crib Im (3.28
ft) above the ground surface as shown in figure 3. They were banded to-
gether with two steel bands to mnaintain drum contact during the test. Air
dried lumber, 50.8mm by 10l. 6mm X l.5m (2 in by 4 in by 39 in) was placed
beneath the crib in a lattice with a lateral separation of l0i.6mm (4 in).
The eutire crib was surrounded by the rsne size lumber to a minimum thick-
ness of 508mm (20 in). The entire mass was drenched with 53 1 (14 gal) of
diesel fuel/gasoline mixture (9/1 ratio) and ignited remotely by two
electric matches each with 56 .Tg (2 oz) of FFF black powder 1800 apart at
the base.

INSTRUM.NTATION

The tent setup and instrumentation are shown in figure 4. Instrumenta-
tion consisted of: pressure transducers, thermocouples, heat flux gages,
motion picture cameras, fiducial markers, and fragment assessor panels
for the external fire test only.

Pressure transducers in a 900 array were used to measure potential in-
cident overpressure resulting from an explosion or partial explosion.
Twelve were use4 for the single package tests from 1.19 to 17.85 m/kgl/3
(3 to 45 ft/lbI/ 3 ) and eight for the external fire tist from 1.98 to 17.85
rm/kgl/ 3 (5 to 45 ft/1bl/3)..

Temperature measurements in the test material using 22 gage Chromel/
Alumel thermocouples were obtainel 'or the single jackage tests only. One
thermocouple was attached to the outside center of the drum and the other
was in the center 25."rsm (1 in) above the ignitor/Initiator.

Thermal radiation Jata establish the intensity,duratton, and spatial
characteristics as functions of material, size of combustion zone and burn-
ing rate to determine the distance at which a value of 0.3 calorier per
square centimeter per second from the material is obtained.

SMotion picture coverage consisted of three cameras operating at 50C
frames per second (fps) and one at 24 fps. Locations of the camera are
shown in figure 4. A video recorder was also used to tape the events.
Color stiAl photographs were taken before and after each test showing typ-
ical setup and post-test results. Standard meteorological data were
recorded for each test.
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Fragment assessor panels (fiberboard) banded to make a pack 3. 6 6 mm X
1.22m X 2.4 4m high (12 ft X 4 ft X 8 ft high) as shown in figure 3 were
placed as shown in figure 5. The purpose of these is to make an assessment
of the number of projections emanating from the material in the event of an
explosion. This was done only for the external fire test as required by
the INTEREG.

RESULTS

Data Analysis

Data analysis for end-item stores is based upon thet'o/No-Go" results
of the prescribed tests as outlined in the INTEREG, Chapter 4 and TBTOO-2,
Department of Defense Explosives Hazard Classification Procedure.

The flowchart for interpretation of test series 6 is shown in figure 6.

Discussion

SParticle size analyses were in general agreement with the specified
data. Any differences may b• attributable to transportation or material
handling where additional shearing or grinding occurred. The sampling
technique may also account for the minor differences. Moisture analysesI were somewhat different from the specified data. The differences are
attributable to sampling techniques as well as the humidity difference
between the test site (high relative humidity) and the processing
location.

A total of six type 6a, single package tests were conducted with a
minimum of lm. (3.28 ft) of saz-dbag confinement. In the first three tests
an ignition source (S94 squib and black powder) was used,. while in the
second thre• tests an initiation source (No. 8 blasting cap) was used.
Figures 7 and 8 show the typical test setup. Figure 7 shows the drum
before totally confined with sandbags. Figure 8 shows total confinement
before ignition/initiation. The results of all six tests were similar.
Upon ignitionjinitiation, white smoke was visible within five seconds; a
red/orange smoke was visible near the lid of the drum after one minute.
Within 18 to 20 minutes there was an increase of red/orange smoke lasting 3D
to 45 seconds. The average total thermal decomposition time for each drum
was 27 minutes.

There were no overpressures detected in any of the single package tests.
There was no fragmentation from the drums. Heat flux values were several
orders of mpgnitude less than the 0.3 cal/(cm2 s) at or beyond 30. 4 8m (100
ft) radius ;1t, is being considered for Division 1.i material by the UN
(kmxitt.ee o, ,}xjerts on the Transportation of Dangerous Goods. Figures 9 and
Aio show typical post-t .• results for the confined single package tests.
The drum was discolored from the heat but was not ruptured, split, fragment-
ed or even significantly deformed. There was no deformation of the witness
plate.
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Results of the single package test without confinement (figure 11) ' '

were different from the previous tests. The lid of the drum relieved.
None of the ammonium perchlorate ignited. Some material was spilled on the
ground as the result of ignition.

A summary of all single package tests is contained in Table 1.

The external fire test configuration with all lumber in place is shown
in figure 12. Following ignition of the lumber and visual observation of
a sustained fire, the lids of individual drums began to relieve starting at
42 seconds for the first drum following ignition to 84 seconds for the
fifth. The ammonium perchlorate burned for 5 minutes when the majority of
the material had been consumed. The reaction was more intense for a 30
second period during the 5 minutes. The wood fire burned substantially
longer than the 30 minutes required by the test procedures. There was no
explosion, no rupture, splitting, or fragmenting of the drums, and the fire
effects were minimal. The post-test result is shown in figure 13. Table
2 summarizes the external fire test.

CONCLUSIONS

Based upon test results of the single package and external fire tests
and interpretation of results as outlined in figure 6 (figure 4.3 of the
INTEREG) and paragraph 6.5 of the Dod Explosives Hazard Classification
Procedure, TB700-2, there are no indications that ammonium perchlorate with
nominal particle size of 200 microns exhibited explosive behavior.
Specifically:

1. There was no explosion, no overpressure detected, no rupture,
splitting, or fragmenting of the drums, and no radiant heat hazard, during
the 6a, single package tests.

2. There was no mass detonation, no fragmentation, no mass fire
effect, and little or no damage to the shipping drums as a result of the
6c, external fire test.

3. Ammonium perchlorate did not react when primed by a S94 squib and
56 .7g (2 oz) of FFF black powder without confinement.

4. There was no explo~ive hazard exhibited during any of the tests
performed as required by the INTEREG.
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4 500 fps

Fiducial Markers
(20 ft spacing)

00.0O00000

Pressure Transducer (typ)
in 900 array

0

Heat Flux Ge (typ )Jl 
500 fps

in 900 array

A
LNGED: 500 fps

* Test Material 
* Video

* Pressure Transducer Recorder0 Heat Flux Gage (50 and 100 ft) A

A Motion Picture Camera 24 fps

Figure 4. Typical Instrumentation Setup
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Figure 7. Single Package Setup Before Confinement

Figure 8. Single Package Setup with Total Confinement
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Figure 9. Typical Single Package Results Showing Burned Sandbags

A, 'C'Y.

Figure 10. Typical Single Package Results Showing Drum
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Figure 11. Results of~ Unconfined Single Package Test
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Figure 12. External Fire Test Setup

Figure 13. External Fire Test Results
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S~Igutition.Oioit iatian
Materiel method Confinement Rsults

113.4 kg Ammonium S94 squib and 56.7 g 1 a (3.28 ft) No explosion. drum body
perchlotats in steel dr•m black powder Sand bag intact, no explosioe hazard

113.4 kg Ammonium 989 squib and 56.7 g I a (3.26 ft) No explosion, drum body
perchlorate in steel dram black powder Sand baegs Intact, no explosive hazard

113.4 k Ammonium S94 squib and 56.7 g 1 a (3.28 ft) No explosion.,drum body
perchlorate in steel drums black powder Sad baegs intact, no explosive hazard

113.4 kg Amnonium Number 8 blasting cap 1 a (3.28 ft) No explosion, drun bodyiipatchloate istodrmSadbagse Intact, no explosive hazard

113.4 kg Ammonium Number 8 blasting cap I a (3.28 ft) No explosion, drum body

perchlorote in steel drums Sand bags intact, no explosive hazard

113.4 kg Amonium Number 8 blasting cap 1 (3.28 It) No explosion, drum body
perchlorate in stool drums Sand bags Intact, no explosive hazard

113.4 kg Ammonium S94 squib and 56.7 g None No Ignition of material, lid
perchlorete In steel drumo black powder relieved, no fragmenataion. no

explosive hazard

Table 1. Single Package Test Results

Ignition
Material method Confinement Results

5 each 113.4 kg 2 each electric No explosion, drum
anrmonium perchlorate matches with Steel banded body intact, no
in steel drums 56.7 g black pow- explosive hazard
567 kg (1250 Ib) der 1800 apart at
total weight base of steel crib

Table 2. External Fire Test Results
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SCLASSIFICATION AND IN-PROCESS CLASS1FICATION TESTING

WHERE DO WE GO FROM HERE?

by
F. L. Mcl4TYRE

COMPUTER SCIENCES CORPORATION
NASA NATIONAL SPACE TECHNOLOGY LABORATORIESe NSTL STATION, MS 39529

ABSTRACT

In 1974, an agreement was reached between DeD and NATO .c! staridardi2.

Hazards Classification Proc -dures and adopt the UN Classification System.

Implementation by P Dwas scheduled for 1976. Actual adoption occurred in

1978- however, TB 700-2 was not released until March 1982.

Basically this procedure does not change the existing Bulk Interim Qualifi-

cation Tests which still include: Card Gap; Detonation; Ignition and Uiiconfined

Burning; Impact and Thermal Stability Tesis. End-item classification testing

changer significantly and Includes: Single Package, Stack Test and External

Fire Stack Test. Additional constraints on End-item Munition Testing Require

Heat Flux and Firebrand Data for 1.3 and 1.4 materials and TNT Eqixivelency

and Fragmentation Assessment for 1.1 and 1.2 class munitions.

This new procedure was instantly open to criticism. Card Gap and Impact

Sensitivity tests are too severe for most materials, particularly small arms pro-

pellants and pyrotechnics. The Ignition and Unmonfhied Burning Test is not
applicable to pyrotechnics. End-item tests are rmore costly in terms of the

amount of munitions required as well as instrumenrtation requirements (Heat

Flux and TNT Equivalency). Finally in-process classification was excluded.

I hope to briefly discu the new Hazards Classification Procedures, the

need for In-process Classification, and Pyrotechnic Test Procedures proposed

by the Pyrotechnic Committee at thi 7econd International Conference on Stan-

dardization of Safety and Performance Tests for Energetic Materials. It is

impossible to cover all in great detail - rather, my intention is to provoke

thought and, possibly, some action.
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INTRODUCTION

An end-item has been produced for several years and although a different

type of liner was subutituted for the existing one, there was no change in the
/

formulation. In anQther instance the granulation size of the oxidizer was
changed; the binder of another formulation was changed; the fuel/oxidizer

ratio of a given mixture was changed by two percent, and finally, there was

an !mprovemerit in packaging technique for a particular end-item.

All of the above scenarios have one thing in common. These seemingly

subtle changes constitute a new or improved end-item that requires reclassifi-

cation for transportstion and storage. The classification testing would be per-

formed in accordance with the DoD Explosives Hazard Classification Procedure

TB700-2, March 108l(1).

However, none of the above scenarios or gross changes of any kind

would affect classification during the manufacturing process. Manufacturing

processes are exempt from classification unless the mvterials are transported

by public conveyance. ,Generally, during manufacturing, all bulk mixtures

are consider. - zc 1.1 exploi;'?ivi unti" the mixture is consolidated into an end-

item. At su: i, . e classification for that particular end-item would

prevail.

BACKGROUND

Classification of hazardous materiqls is the systematic arrangement of

such materials into groups or categories according to established safety cri-

teria. This is accomplished by subjecting the specimen to standardized initia-

ting influences (Figure 1). The output reactions being observed as either
mass detonation or a fire hazard are then used to determine into which classi-

fication the specimen will be categorized in order that it may be transported

and/or stored within acceptable safety limits.

Since 1967, the prescribed authority for determining hazards classification

of explosives (pyrotechnics are defined as explosives), propellants, and end-

Items was the U.S. Army Technical Bulletin 700-2, NAVORDINST 8020.3

TO 11A-1-47( 2 ). The Prescribed initiating influences for bulk materials were
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limited to the selected tests such as Card Gap, Detonation, Ignition and Un-

confined Burning, Impact Sensitivity, and Thermal Stability Tests. The ini-

tiating influences for end-Items were limited to Detonation Test "A", Detonation

Test "B", and External Heat Test "C'.

In 1974, an agreement was reached between DoD Components and NATO.

A new document was to be written and published as early as 1976 that would

incorporate the United Nations Classification System and incorporate similar

tests as outlined in the Transport of Dangerous Goods NATO INTEREG ST/SG/

AC.10/1/I3 The final version of this document, The DoD Explosives Hazard

Classification Procedures, was published March 198201).

During this period, a significant amount of research and testing was

devoted to developing In-process Hazards Classification Procedures. A NATO

Committee was established to standardize test procedures. ARRADCOM, under

the auspices of Single Service Management for the Manufacture of Munitions,

proposed in-process classification to reduce the number of incident /accidentc

associated with manufacturing. In 1980, a safety committee also established

B the need for In-process Hazards Classification and Identification. These con-
cepts and studies have met considerable resistance and basically have remained

ignored since their inception.

DISCUSSION

Changes in the new DoD Explosives Hazard Classification Procedurea deal

with terminology, adaptation of the UN Classification System and new End-item

* iI Classification requirements. There is a distinction between bulk and end-item

classification; bulk material testing is referred to as interim qualification and

end-item testing as classification. Figure 2 shows the interpretation for in-

terim qualification. Other significant changes deal primarl' vi"'. om

testing.

End-item testing has changed significantly. Three types of tests are

conducted: Single Package Test; Stack Test; and External Fire Stack Test.

The number of tests per configuration have been reduced from five to three
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for the Single Package and Stack Test versus five each tests far the Detona-

tion Tests "A" and "B" configurations. However, the Stack Test now re-

quires five items versus two for the Detonation "B" test. Five items are also

required for the External Fire Stack Test versus two to six for the External

Heat Test "C". Another major change for pyrotechnic end-items now requires

confinement ranging from a minimum of 0.5 m (1.64 ft) to a maximum of 1 m

(3.28 ft) dependent upon the size of the external packagos.

Other changes require that radiant flux, firebrand, and fragment density

be reported for division 1.3 and 1.4 materials. TNT eauivasency and fragmen-

tation assessments are required for divisions 1. 1 and 1. 2 materials. Interpre-

tation of the end-item results is shown in Figure 3,

Criticisms came from several areas. End-item tests were costly, as in-

strumentation for heat flux and TNT equivalency is expensive. Fragmentation

assessment was costly and time-consuming. Conflnemert (up to 1 m (3.28 ft))

was too severe. Bulk Interim Qualification tests remained unchaanged. These

tests were either too severe for small arms propellents and pyrotechnics, or

they did not apply. Other participants were concerned that their proposed

tests had not been included. As a result In-process Classification was stlil

excluded.

Such criticisms are unwarranted, as the critics fail to grasp the intent of

the classification procedures. TB 700-2 Is used to determine the affects of

accidental initiation and to set parameters to protect property and personnel.

This is accomplished by conducting a limited number of tests representing

"worst case" situations; then reporting the results, at the same time pro-

viding for an acceptable safety margin. It is not intended that these tests

replace parametric, stability, sensitivity and performance (output) tests which

are obtained separately, or in conjunction with, and included in component data

safety statements. The component data safety statements and hazards classifi-

cation results can ultimately be conbined to represent the hazards associated

wIth handling, transporting, storage and use of a particular item. The

existing classification procedure meets this objective. Based upon a survey

of incident/accidents (4), there is no known incident /accident attributed to
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the item's being categorized in the wrong division. The opposite is true

when classification Is assigned by analogy without testing to support the
assigned hazards division.

The same incident/accident analysis also indicated that the majority of

ah $ncidents were associated with manufacturing. This is understandable be-

cause the manufacturing process is in a constant state of change and the

amount of data available concerning In-process hazards are not readily

available. The next logical step in the classification process would then be

to screen or classify the materials during various stages of manufacturing.

Potential problems would be identified and prevented. An initial attempt at

in-process classification was developed by Pape and Napadensky (5) whose

efforts concentrated on propellants and explosives. The study was based upon

several factors Including: Historical Accident Survey; Engineering Analysis;

Survey of Existing Test Methods; Definition of the Classification Procedure

Structure; Selection of Candidate Tests; and Validation and Finalization of

the Proposed Tests Procedures. Their scheme is illustrated in Figure 4.

The potential of the study represents a quantum step forward in reducing

potential mishaps during the manufacturing process.

In 1977 and 1979, the International Conference on the Standardization of

Safety and Performance Tests for Energetic Materials (6,7) through sevsral

international agreemants, strove to develop a document on the principles and

methodology for the acceptability of energetic materials for military use.
This manual makes possible the international and interservice acceptance of

qualification data obtained by individual services and industrial laboratories.

The Pyrotechnics Subcommittee established at the second conference (7) re-

commended a series of tests applicable to pyrotechnic (Table 1) including

mandatory and prescribed tests. The submissions were accepted without

prejudice with the only stipulation being that sufficient information to under-

stand and duplicate the test results be submitted. It was also noted that

additional changes could be submitted when better procedures were developed.

The mandatory test methods submitted included: Hygroscopicity, Heat of

Combustion, TNT Equivalency, Dust Explosion, Linear Burn Rate and Pressure

Time, all of which have standard procedures. Additional mandatory tests

•r 77
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which do not have a standard developed procedure include: Ignitibility

Burning Rate (Flares), Candle Power, Efficiency, IR Calibration, Chroma-

ticity, High Pressure, Heat Flux and Chemiluminescence. In the case of an

illuminant output measurement it was felt that no standard test could be de-

veloped until the instrumentation could be standardized. None of these pro-

posed tests were considered for incorporation to the TB700-2 or ST/SG/AC.10/

1/Rev 1 NATO Transport of Dangerous Goods

The cursory synopsis of changes in test methods during the past

decade will have a significant impact on the pyrotechnic community. Generally

pyrotechnics are grouped under the broad term of "explosives." Classifica-

tion tests are now more rigorous due to confinement and the slightest change

in the formulation of a given mixture would require reclassification. The

accomplishments of Pape and Napadinsky's study on in-process classification

and the efforts of the pyrotechnic subcommittee at the Second International

Conference of the Standardization of Safety and Performance Tests for Ener-

getic Materials are basically unknown. Probably the most serious result of

this is the fact that the formation of the International Pyrotechnic Society is

still a well kept secret.

It is imperative that we in pyrotechnics adopt some positive action to

bring our plight to the forefront. Such steps are beginning to surface.

McDonald, Robinson and Johnson (8) have proposed in-process classification

for pyrotechnics. They have also proposed an in-process hazards identifica-

tion scheme. The identification scheme has considerable merit. Logically, it

follows that we should consider in-process classification as a means of reducing

incidents during manufacturing. This can only be accomplished when a united

group clamor for changes. In discussing in-process classification with various

DoD safety components, all indicate a need for it, but each is waiting for

someone else to take the initiative. In-process classification would be welcomed

when and if such techniques were validated. The initiative is ours.

If we are to have any input into the Allied Ordinance Publication (9) con-

cerning pyrotechnic performance testing, we should take advantage of the

test methods proposed by the subcommittee at the Second Standardization Con-
i• feanee(7)

ference or substitute updated more germane test methods. A possible
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update could Indicate friction testing using the Rotary Friction Device Stan-

dardized by Naval Weapons Support Center. Another area would be to vali-

date the 20 liter and 1 m3 dust chambers and substitute these procedures for

the Hartmann Test. Possibilities are limitless.

CONCLUSIONS

1. We have a new updated DoD Explosives Hazard Classification

Procedure that we must take the time to understand and use

as it was intended. It will stand the test of time.

2. In-process classification is feasible and some form of in-process

classification should be validated.

3. In-process classification techniques demonstrate the potential

to reduce manufacturing incidents.

4. Through international agreements it is possible to use, validate,
or submit standardized test methods applicalbe to the pyrotech-

nic community that allow for international and interservice accep-

tance.

5. Cognizant DoD safety representatives understand the need for

in-process classification but they are waiting for others to take

the initiative.

6. The initiative is ours.

J
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Table 1. Proposed Pyrotechnic Standardized Test Methods

Test Typical
Requirement Status Test Method

Hygroscopicity Mandatory U.K. MOAD
All Mixtures Method 303 US EA4D01 Final Report

Heat of Combustion Mandatory MIL-STD-268-B
All Mixtures UK/Performance/Pyrotechnics- 2

TNT Equivalency Mandatory TB 700- 2
All Mixtures UK To Be Written Up

Ignitability Mandatory Radiation Pulse Test
All Mixtures UK Bickford Fuze Test

Dust Explosion Mandatory Mixtures Harmnann, 1 m3 Dr Passman, Holland
and Constituents 20 liter Dr Passman, Holland

Linear Burn Rate Mandatory, UK/Pyrotechnic Performance/1
Delay e Only ARRADCOM Procedure, NSWC

US Navy Procedure

Burning Rate Mandatory, Lined No Standard Test Method Submitted
Candle C Bare Grain

Candle Power Mandatory, Photoflash UK Performance/Pyrotechnic /4
(CANDELA) and Illuminants

Efficiency Mandatory, Photoflash UK Performance/Pyrotechnic/ 4
(Candle/Sec-ks) and Illuminants

Chromaticity Mandatory, Colored No Standard Test Method Submitted
Flares

Chemiluminescence Mandatory No Standard Test Method Submitted
Illuminants

IR Calibration Mandatory UK Performance/Pyrotechnics/ 5
IR Items

KTA-8 Mandatory for Smoke

Pressure/Time Mandatory for D. Dillehay 5th IPS
Explosion Charges

Spin Mandatory Valcartier, Canada Test Method
(TRACER) Frankford Arsenal Spin Test USA

High Pressure Mandatory Gun Breech Simulator UK
Vessel (TRACER) Valcartier, Canada Test Method

Heat Flux Desirable for TB 700- 2
Incendiaries

Bullet Impact Desirable Method 107 US EA4D01 Final Report
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Blast Parameters from Cylindrical Charges Detonated

on the Surface of the Ground

G:• Guerke, G. Scheklinski-Glueck

Ernst-Mach-Institut, Freiburg

"* 0 • Germany (1

' Abstract

0 Tables and diagrams of sctled side-on blast parameters

are available for time of sh9k front arrival, primary
I • shock front overpressure, ?/erpressure impulse and positive

duration for cylindrical/ DX explosives having length to
diameter ratios of 1 an 5. Charges were placed in a vertical,

a horizontal and a 600 inclined position to the surface of

the ground. Initiation point was at one end. Blast parameters

were measured along 9 blast lines at scaled standoffs from

0.5 to 32 mkg- 1 / 3  -- s I j

1. Introduction L 4N
2. Experimental Program

3. Scaling Law

4. Shock Front Contour

5. Blast Parameters as a Function of Azimuth Angle
6. Blast Parameters versus Scaled Distance

7. References
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1. Introduction

The objective of this report is to present a com-
pilation of blast data from a series of small scale HE

tests with cylindrical charges detonated at the surface of

the ground. In a literature search we found just one in-
vestigation concerning blast data of cylindrical charges
fired on the ground surface (Ref. 1, 1975). In agree-

ment with a recent manual for the prediction of blast
loadings on structures (Ref. 3, 1980) we decided, that
the existing data for explosions of elongated charges on
the ground surface are not extensive enough to develop
prediction curves and equations, and are not adequate to
check scaling laws. Hence an experimental program was de-
signed to gather more data on the blast from cylindrical
charges fired on the surface of the ground oriented with
the axis parallel, oblique and normal to the surface.

2. Experimental Program

The experimental program is delineated in Table 1.
Cylindrical charges having length to diameter ratios of

1 and 5 were selected. Rounds were fir'.d for each geometry
with the charge in vertical position and with the initiaticon
from the top (No. 4 in Table 1). In the next group, charges
were placed in a horizontal position on the ground and
detonated from one end (No. I in Table 1). Figure 2.1
shows a top plan of the cylindrical charge with the initiat-
ion point at the end in line with the 0 degree line.

Keeping the charge fixed and moving clockwise we have the
instrument line at 9 different azimuth angles H at 0,
22.5, 45, 67.5, 90, 112.5, 135, 157.5, 180 degrees to the

ground zero point.
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Table 1 Test Plan

A three-number code is used to characterize the test

arrangement. Initiation point is at H - 0. The code:

L/D ratio - Azimuth Angle H - Angle of Inclination V

1. Horizontal Cylinders (Angle of Inclination V = 0)

5- 0 -0 1- 0 -0
5 - 22,5 - 0 1 - 45 - 0
5 -45 -0 1 -90- 0
5 - 67,5 - 0 1 - 112,5- 0
5- 90 -0 1 - 135 - 0
5 - 112,5 - 0
5 -135 - 0
5 - 157,5 - 0
5 - 180 - 0

2. 45 Degrees Inclined Cylinders

5 - 0 - 45 1 - 0 - 45
5 - 90 - 45 1 - 90 - 45
5 - 180 - 45 1 - 180 - 45

3. 60 Degrees Inclined Cylinders

5 - 0 - 60 1 - 0 - 60
5 - 45 - 60 1 - 90 - 60
5 - 90 - 60 1 - 180 - 60
5 - 135 - 60
5 - 180 - 60

4. Vertical Cylinders (Symmetric in azimuth angle)

5 - S - 90 1- S -90

5. Hemispherical Charges
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Fig. 2.1

Top Plan of Blast Lines at Azimuth Angles H.

Initiation Point at H = 0.
Z a Igniter 0 a Propagation Charge

S a RDX cylinder

V ,0mO•4'

VV

FIg. 2.2
Side View of Cylindrical Charges Inclined
to the Surface of the Ground
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As Figure 2.2 shows each of the two L/D geometries was
fired in a position at vertical elevation V - 600 degrees
inclined to the ground surface with end initiation away
from the ground (No. 3 in Table 1). To complete the program
some rounds were fired in a position V - 450 degrees to the
ground surface (No. 2 in Table 1). Semispherical charges of
identical masses and identical type of HE were initiated
at their center of mass in order to get reference values
for the semi-spherical blast propagation (No. 5 in Table 1).

All charges, as shown in Table 3, were bare RDX with

nominal weight of 0.016 kg, 0.128 kg and 1.024 kg.

Table 2 Explosives Specifications

Cylindrical Charges S 94.5 % RDX
4.5 % Wax
1.0 % Graphite

. Charge Density 1680 kg m

Precision Microsecond Igniter PL 464 Dynamit Nobel
L = Charge Length D = Charge Diameter U = Propagation Charge

SL/D = 1 L/D - 5
Mass
in kg D in cm L in cm D in cm L in cm 0 in g S in g

0.016 2,3 2,3 1 ,35 6,7 2 14

0.128 4,6 4,6 2,7 13,4 5 123

1.024 9,2 9,2 5,4 26,8 8 1016
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Firings were made on heavy steel plates that were nearly
perfect reflectors of blast waves. Restoration of the plates
and of the compacted sand under them was carried out after
each event. Shown in Figure 2.3 is the field layout.

1 2 23 4 S 6 7 8I 9 10 11

. I I main instrument line I

2000

Fig. 2.3

Top Plan of the Field Layout

Blast Gages No I to 11 along the Main Instrument

Line. All distances in centimeters

The geometric center or a projection thereof was used as the
ground zero point. Eleven blast gages were installed along
the main instrument line extending from 0.5 meter .o 8 meter,

corresponding to scaled distances from Z - 0.5 to Z - 32mkg"I/3

Two additional control gages were located at an off angle at
900 equal to station 2 at 0.75 meter and to station 4 at
1.5 meter. The pressure transducers were Kistler Instruments
model 603 B piezoelectric sensing elements having a natural
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Table 3
SLASTPARAMETER , ZYLINDRISCHE LArUNCEN ANORDNUNG 5 - 90 - 0

NR, Z T A P s IS+6 1 0.50 1.17E-01 I 2.0$E+00 1.99E-01
2 0.60 1,45E-01 I 2.e8S40v 2.499-01
3 0.70 1 74E-01 I 2.eSE.00 3.02E-01
4 0 80 2.060E1 1 2 O86+00 I $56-01
5 1 00 2.74E-01 8 IeE01 2 80E+00 4.69E-01
6 1.25 370E-.01 5 79E101 2.8$E+00 6 M9-01
7 1.50 4-M81-01 4.1IE+01 2.99E+00 ?7?$E-01
6 1.?5 5.97E-01 2.95E+01 2 SPE100 9.301E-0
9 2. A 2SE-01 2 MSE+0 2 SS1+00 1 1IE1+0

10 2.25 2.411E 01 I 5PE+CI L.33Eý00 1.29E+00
11 2 50 1 02E+00 1 E101 2.05E+00 1 .46E+00
12 2.75 I .271400 7.6sE+00 2 29E*00 2.64E+00
13 3 00 1 Sfi+00 5 40E 00 1 87E +00 1 .093E+00
14 3 50 2.24E+00 2.95E+00 1.31E+00 2 21E+00
15 4.00 3 0?E+00 I.?75E00 9.€09-01 2 62E+00
16 4.50 4 05E+00 1. tOE +00 7 91E-01 2 82E÷00
17 5.00 5 .27E+00 7. 68E-1 6 19E-01 3 006E00
18 5.50 6.32E*00 6.01E-01 9.23E-01 3.18E+00
19 6.00 7.43E+00 4.,4E--Ol 5.64E-01 3.36E+00
2o 7,00 9.79E+00 3.36E-01 4 70E-01 3.691E00
21 800 1.2E1+01 2 50E-01 4.02E-01 4.01E+00
22 9 00 1.50E+01 1.95E-01 3.50E-61 4.31E+00
23 10 00 1 77E+01 t 58E-01 3 09E-A1 4. 60E+00
24 11.00 2 05E+01 I 32E.01 2 76E-01 4 .7E+00
25 12.00 2.34E101 1.13E-01 2.49E-01 5.14E+00
26 14 00 2 . 92E01 8. 67E-02 2 .0 E-01 5 .65E+00
2? 16 00 3. 5 1+01 7.05E 02 1. ?7E-01 6 09E+00
28 18 00 4 09E+01 5. 95E-.02 t . 4E -1 6. 15E100
29 20.00 4. 6E+01 S 19E.-02 l 36E.-01 6 .20E+00
30 22. 00 5 22E+01 4. 61E-02 I 22E-01 6 .25E+00
31 24 .00 5. ??E01 4. 17E-02 1.10E-01 6 29E+00

a- 32 28. 00 6 82E401 3.5SE-02 9 !6E-02 6 .37E+00
33 32. 0 7 . E+01 3. 1E-02 7.84E-02 6. 43E+00

K.OSFFTZtr.1Eh DER AUSGLEIC•HFUNYTION ANORDHUNG 5 - 90 - 0

VON Z BIS Z GRAD R SoU 90 el B2

0 50 2 50 2 0 L 8 -0.5623 1 3159 0.3125
2.50 5.00 1 1 000 -.0L9309 2.3556
5.00 32 00 2 1 ^O0 -0 9111 2.7476 -0 5881

0.87 2.50 2 1 000 t.9129 -1.3696 -1.8590
2.50 5,.J) 1 0 195 2.6433 -3.9207
5.00 32.00 2 0.995 2.2610 -4.1797 1.1172

0.50 2 50 1 0 000 0.4594 0
2.50 4.00 1 0.999 1.3691 -2.2979
4.00 32.00 1 0.999 0.6682 -1 1785

0.50 4.00 1 1.000 -0 3266 1 2386
4 00 16 00 1 0,999 0,0480 0.6136

16.00 32.00 ! ( 24 0 6389 0.0794

S0 93



frequency of 500 kc. Signals were recorded on Transient Re-
corders having a frequency bandpass 0 - 150 kc. The data j
was reduced with the aid of a HP 9830 A desk computer.

-1/3Scaled arrival time TAQ , shock front overpressure PS,
scaled overpressure impuls IS 1"/3" and scaled positive

duration T.Q-1/3 were obtained from more than 1200 records.

A final report covers the reduced data of the entire pro-
gram (Ref. 4). Interested people will find 35 Tables and 35
Diagrams in the report belonging to different charge orientat-
ions and directions of blast propagation (see Table 1).
One example is to be seen in Tab. 3, in order to show the
arrangement of data. At 33 values of the scaled distance
parameter Z the scaled blast parameters have been listed at
distances that allow linear interpolation. Also coefficients
of least-squares regression power functions of blast data as
a function of scaled distance have been listed. Blast data
can be taken from the tables directly for 1 kilogram charges
but must be multiplied by the cube root of the charge mass

for all charges heavier or lighter than 1 kilogram. A proce-
dure that is well known to people who handle TNT standard
curves or tables. Remember that the scaling of blast data
works correctly as long as the basic assumptions of Hopkinson-
Cranz scaling rules are fulfilled.
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3. Scaling Laws

Tests were conducted at three different charge masses

of RDX at identical charge geometries and identical test
arrangements. Table 4 may show as an example that Cranz-
Hopkinson scaling proofed well throughout our test series.
Time of arrival data have been listed for the test-arrangement

1-90-0 (L/D = 1, charge axis parallel to the ground, direction
of blast measurement 900). Direct comparison of test results

can be made at scaled distances between Z = 2 and Z = 8.
Time-of-arrival measurements in milliseconds differ by a
factor of about 4 between 16 gram and 1 kilogram charges,

but scaled time-of-arrival data correspond within 3 per cent.

Table 4 Check of Scaling Laws
Time of Shock Front Arrival for 3 Different
Charge Masses. Test Arrangement 1-90-0

0.016 kg 0.128 kg 1.024 kg
z

R tA tA/ 1/3 R tA tA/ 1/3 R tA tA/1/3
R~13 i~nm in nu inm inns in m innms

2 0.5 0.21 0.83 1 0.42 0.83 2 0.82 0.81

4 1 1.03 4.09 2 2.0 3.97 4 4.10 4.08

8 2 3.55 14.1 4 7.22 14.3 8 14.4 14.3

a - a- - - - -9



Fig. 3.1 shows just one example of measured pressure-

time histories at tests with different charge masses at
identical scaled distances. Time and impulse scales are
scaled to 1 kilogram. It is easily to be seen, that measure-
ments are nearly identical.

"0.5 BRR BRR*MS 1.0

PERK SCRLE1
8. 129 KS-

OVERPRESSURE BLASTIMPULSE

DEFLECTED
5LRST IMPULSESIDE

WRVE

PRIMERY

FRDNT

WBVE

0
SCRLED TIME I OMS

F IG.3. I

PRESSURE-TIME RECORDS SCRLED TO I KS-EMUIVRLENT.

TEST RRRRNGEMENT 5 - IO - 0
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4. Shock Front Contour

For a charge of cylindrical geometry as standoff in-
creases the shock front becomes more spherical. This is shown
in Figures 4.1 to 4.3. Iso time of arrival lines that mark
the shock front contours are shown for 3 scaled arrival times

TA 0.874; 5.6; 46.6 after ignition time. Semicircles mark
the shock front from semispherical charges at identical

arrival time. Peak overpressure is identical along the semi-

circles 7 bar (100 psi); 0.7 bar (10 psi)* 0.07 bar (1 psi).
At the same instant after charge ignition the shock front

contour of the cylindrical charge is asymmetric with largest
distance from the explosion center at 900, 112,50 and 1800

(Fig. 4.1). The peak overpressure at the shock front is far
from uniform for cylindrical charges. It is given in small

figures along the contour. High peak overpressure in 900
direction in Fig. 4.1 is due to the side-wave and in 1800

it is due to the front wave. Highest peak overpressure in

112,50 direction is produced by the asymmetric ignition at
.1 00. In that case the detonation gas has a forward velocity

component that may cause the strongest shock not in 900 but
in a forward direction. The falling back shock front and low

pressure at 00 to 450 is produced by asymmetric ignition.

The Figures 4.2 and 4.3 show that the shock front contour
becomes more spherical. But even in the far field, where semi-
spherical charges produce a peak overpressure of 0.07 bar
(1 psi), the cylindrical charge produces peak overpressures
from 0.05 to 0.1 bar at the shock front.
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SHOCK FRONT CONTOUR - ISO TIME OF ARRIVAL LINE
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FIG. 4.1

CYLINDRICAL RDX CHARGE L/D "5 ; V -O: IGNITION AT 00 VARIABLE SHOCK
FRONT OVERPRESSURE ALONG THE ISO LINE. SEMICIRCLE: SHOCK FRONT CON-

TOUR FOR SEMISPHERICAL CHARGE OF IDENTICAL MASS, SCALED DISTANCE

Z * 1.5. SHOCK FRONT OVERPRESSURE PS 17 BAR,

\ /

S0,•0,66
0.935

o,07

-- 0. O." I .3 90--
3 2 I ) 1 2 3 4

Scaled ODitance Z

SHOCK FRONT CONTOUR - ISO TINE OF ARRIVAL LINE

TA 0"I/3. 5.6 MS KG 1/3

FIG. 4.2

CYLINDRICAL RDX CHARGE L/D - 51 V - 0: IGNITION AT 00 VARIABLE SHOCK

FRONT OVERPRESSURE ALONG THE ISO LINE, SEMICIRCLE: SHOCK FRONT CON-

TOUR FOR SIMISPHERICAL CHARGE OF IDENTICAL MASS, SCALED DISTANCE

Z 1 4.2, SHOCK FRONT OVERPRESSURE PS - 0.7 BAR.
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SHOCK FRONT CONTOUR -ISO TIME OF ARRIVAL LINE
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1
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3

FIG. 4.3

CYLINDRICAL RDX CHARGE L/D -5; V "0; IGNITION AT 0' VARIABLE SHOCK

FRO:1 OVERPRESSURE ALONG THE ISO LINE. SEMICIRCLE: SMOCK FRONT CON-

TOUR FOR SEMISPHERICAL CHARGE OF IDENTICAL MASS. SCALED DISTANCEuZ =20 SHOCK FRONT OVERPRESSURE PS =0.07 BAR.
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5.Blast Parameters as a Function of Azimuth Angle

If a hemispherical charge resting on a flat surface is 3
initiated at its center of mass a shock wave will travel
through the surrounding air, its strength a function of

radial standoff from the center of the explosion. For a cy-
lindrical charge that is initiated at one end the shock wave
will not enter the surrounding air as a spherical wave, nor
at the same time over the entire charge surface. The shape
and strength of the shock wave will depend upon the length
to diameter ratio, and upon the location at which initiation
occurred. The blast parameters will be functions not only of
radial standoff, but also of azimuth.

Figures 5.1 through 5.4 are plots comparing blast data
of cylindrical charges to hemispherical charges. Primary shock
front peak overpre~sure and positive pressure impulse are
plotted as a function of azimuth angle H and scaled distance Z,
for cylindrical charges having length to diameter ratios of
1 and 5. Our final report covers data from the entire program

(Lit. 4). c
Results of semispherical charges are plotted as horizontal
lines. Azimuthal symmetry is valid at that case. Unsymmetrical
blast propagation around cylindrical charges is identified
very clearly at this type of diagram that has been used in
Ref. 3.

Figure 5.2a summarizes primary shock front overpressure

data in the near field at scaled distances from Z = 1 to
Z = 2.5 for L/D = 5. Maximum peak overpressure of about
150 bar at Z = 1 was measured in if = 112.50 direction. Former
investigators who had measuring lines at 900 and 1350 could A
not detect this effect of the asymmetric expansion of the
detonation gases as a consequence of ignition at C°.
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Minimum peak overpressure at Z = I occurred at H 22.50

direction of about 5.5 bar as a consequence of asymmetric
ignition and the bridge wave phenomenon. Very high peak
overpressure was observed at Z - 1 at H = 1800 direction as
an effect of the front wave. Errors of about a factor of
10 in peak overpressure may be Induced in the near field by
neglecting the charge shape.

Most people think that blast parameters from non-spherical
charges smoothen continuously to spherical parameters in the
far field. In fact the peak overpressure from cylinders with
L/D = 5 seems to smoothen at scaled distance Z = 7 in figure
5.2b. Former investigator only measured up to this distance.
But far out can we recognize the effect that at distances
from Z = 10 to Z = 20 peak overpressure is very small at
H = 900 and H = 112.50 directions and high in H = o0 and

H = 1800. This type of overreaction corresponds to reflection
and diffraction phenomena of primary side waves and end
waves from the cylindrical explosives. Pressure-distance re-

j lationships are determined not only by one shock front, but
by side-waves,end-waves and bridge-waves that result in
multiple pressure peaks. Some wave fronts tend to heal by
overtaking and merging with the primary front while others
tend to recede. As a result even in the far field, at Z = 20,
errors of about a factor of 2 (100 percent) in peak over-
pressure are induced by neglecting the charge shape.

Figures 5.1a and 5.1b summarize peak overpressure data
from cylinders with L/D = 1. There are some remarkable differ-
ences between length to diameter ratios 5 and 1. All of them
can be qualitatively explained by the different charge geo-

metry and the observation that high peak overpressure in a
certain direction tends to fall down to very low pressure at
increasing distances. The rate of change in peak overpressure

0 101
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depends upon the impulse that is included in the first
pressure peak (not to be confused with the total over-

pressure impulse).

Figures 5.3 and 5.4 summarize total side-on overpressure

impulse for L/D - 1 and 5. Multiple shocks are included. It

is remarkable that at some distances blast impulses at thei •surface of the ground show higher values at any direction

around a cylindrical charge than around a hemispherical
charge. Again this phenomenon may be explained by geometri-
cal effects, that the cylinder presents greater surface area

in the direction of the ground surface than the hemisphere.
Also blast impulses that show very high values in a certain

direction in the near field (e.g. 1800 in Fig. 5.4) tend to
fall down to rather low values at greater distances.
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6. Blast Parameters versus Scaled Distance

The diagrams'-figures 6.1 to 6.4-contain a presentation
of primary shock front peak overpressure versus scaled dis-
tance values and positive pressure impulse versus scaled
distance values derived from our small scale measurements.
The values of blast parameters in Ref. 4 were all scaled to
a kilogram equivalent at standard sea level conditions. To
use the curves for predicting blast data for other yields
at other than standard sea level conditions standard scaling

procedures should be used. This type of diagram has been
used in Ref. 1 and may give the most complete presentation

of our results.

As reference values results from semispherical charge
detonations were fit into the diagrams that may make clear
the big differences in peak overpressure in different
directions around elongated charges. Kingery (Ref. 1) has
fitted experimental peak overpressure data from hemispherical
charges. The curve fit is of the functional form

p= f (Z)

P5  = peak side-on overpressure

Z = scaled distance.

Plooster (Ref. 5) has curve-fit the experimental peak side-

on overpressure data obtained from a test program conducted
at Denver Research Institute for cylindrical charges in free
air. Much more data are needed in order to make a curve fit
of the functional form

P5 = f (Z; L/D; H)

Ps - peak side-on overpresure

Z - scaled distance

L/D - cylinder length to diameter ratio

H - azimuth angle
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Curve fitting of the data presented in this report has not

yet been completed. It is more complicated than in Ref. 54 as a wider range of distances, peak overpressures and blast

impulses was investigated.
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EFFECTS OF LOW LOADING DENSITY ON BLAST PROPAGATION
FROM £ARTH COVERED MAGAZINES

By

George Coulter
Charles Kingery

U.S. ARMY ARMAMENT RESEARCH & DEVELOPMENT COMMAND
BALLISTIC RESEARCH LABORATORY

ABERDEEN PROVING GROUND, MARYLAND 21005

ABSTRACT

This report contains the results from a series of high
explosive tests designed to determine the airblast parameters
propagating to the front, side, and rear of an earth covered
munition storage magazine with a low loading density. The tests
were conducted with 1/30th-scale donor models and hemi-cylindrical
pentolite charges of 0.227, 0.363, 1.066, 1.814, and 5.040 kg
masses. These charge masses simulate full size munition storage
magazines filled with 6130, 9800, 28780, 48980 and 136080 kg of
explosive. The 48980 kg full size load was used as the baseline
for comparing blast attenuation or enhancement from a full size
load of 6130 kg. There was attenuation of both peak overpressure
and impulse to the side and rear of the structure at the lower
loading density. The impulse propagating to the front of the
structure was enhanced while the peak overpressure showed no
significant effect of the low loading density.
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1. INTRODUCTION

A. Background

This study is an extension of earlier work sponsored by the Department

of Defense Explosives Safety Board (DDESB) to determine the airblast
parameters propagating to the front, side, and rear of a munition storage
magazine in event of an accidental explosion. In Reference 1 the model
(1/50th-scale) study was based on 226800 kg, 136100 kg, and 45400 kg of
explosive stored in a standard (18.3 metre length), steel single arch
magazine.

Comparisons of the results from the model tests with full scale test
results were excellent and added to the validity of using scaled models to
simulate blast effects from full scale accidental explosions.

There are requirements for storing, in standard magazines, net
explosive quantities, smaller than those tested in Reference 1. The earth
cover suppresses the blast to the side and rear of the magazine in the near
field but there is no suppression effect at the explosive work shop
distance* and beyond ior a Q of 45400 kilograms. It is surmised thin3there
will be some suppressive effect at the greater distances, (> 7.14 Qt 3m)
for smaller quantities stored in this magazine. If true it would permit
siting of operating buildings and other controlled facilities closer to the
above ground storage magazines.

B. Objectives 4

The objective of this series of tests is to obtain from scale-model
experiments data on the suppression of blast propagation from stored
quantities of munition in the range from 45400 kg (100090 ibm) down to
approximately 4540 kg (10009 lbm).

This should provide a basis for establishing the quantity-distances to
certain exposures from igloos containing small quantities of explosive 1 3
The diseqMces of interest nge from e safe separation distance 0.5Q m
(1.25 w ft) out to 16Q m (40 w ft) where Q is in kilograms and
distance is metres, and w is in pounds mass and distance is in feet.

A second objective was added to the program after the first series of
tists were completed. Because the overlap of data from the 1/50th-scale model
results simulating 45400 kg full scale and the 1/30th-scale model simulating
45400 kg full scale were not within an acceptable error band it was proposed
to fire a 5.04 kg charge in the 1/30th-scale donor model to check the full
scale magazine loaded with 136080 kg (300,000 ibm) as reported in Reference 1.

L C. Kingery, G. Coulter, and T. Watson, "Blast Parameters from

Explofions in Nodel Earth Covered Magazines," BRL-HR-2680, Sent 1976.
' The explosive work shop distance is defined as de w 7.14 m/kgL1, scaled

to the cube root of the mass Q(kg) of explosive: D. - de x Q •
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TEST PROCEDURE

The test procedures followed to meet the objective were to (1) design the
scale model, (2) design the explosive source, and (3) establish the
instrumentation and blast lines.

A. Design of Magazine Model

The standard munitions storage magazine being modeled for this series of
tests is shown in Figure 1. The overall width including the earth cover is
27.43 metres (90 feet) and the iength is 28 96 metres (95 feet). The total
volume of earth cover Is 1665 m S58,812 ft ). The volume of the interior of
the magasine is 496 m3 (17,500 ft ).

The model scale in Reference I was 1/50th and was sufficient for the
simulation of large quantities of explosives. In order to simulate smaller
quantities of explosives and work with similar size scaled charges a decision
was made to use 1/30th-scale donor models. All linear dimensions were scaled
down by a factor of 30. The scaled down model, with dimens,ons, is prisented
i- Figure 2. The total volume of modeling Iand is 0.0117 m (2.178 ft ) and
the interior volume of the model is 0.018 m (0.648 ft ). A photograph of the
interior portion of the model without the sand cover is shown in Figure 3.
The model arch is aluminum rather than steel as used in the full-size
magazines. Scaled steel doors were attached to the masonite headwall to more
nearly simulate the suppression of blast associated with the closed doors.

The donor magazine model with the steel doors and modeling sand cover is

() shown in Figure 4.

B. Test Charges

The test charges used as the explosive source were cast Pentolite (50
PETN/50 TNT). The mass of the charges are usually based on the quantity to be
stored in the full size magazine. For this series of tests the three molds

for the hemi-cylinderical charges used in the tests reported in Reference m
were still available and therefore a 1/30th-scale was selected to meet the
refige of explosive quantities of interest. Two additional molds were designed
and manufactured, one to cover the low end of the desired range, and one for
the additional high range shot.

.The range of scaled charge weights tested were 0.227 kg, 0.363 kg, 1.066
kg, 1.814 kg and 4.39 kg (0.5, 0.8, 2.4, 4.0 and 11.0 lbm). When these masses
are scaled up be 30 (27,000) then the full scale simulation is 6130 kg, 9800
kg, '28780 kg, 48980 kg, and 134730 kg (13,510, 21,605, 64,750, 107,980, and
297,000 lbm). These charges cover a range from 134730 kg down to 6130 kg
which is very close to the original request for a range of 136080 kg down to
4536 kg.

The test charge was always placed with the flat side down and with the
center of flat side at the geometric center of. the magazine floor. The point
of initiation was or. the end toward the doors or along the zero degree blast
line. The ratio of the mass of the model tharge to the interior volume of the
model was the same as the mass of the explosive in the storage magazine to the
interior volume of the storage magazine.
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Figure 1. Standard munition storage magazine.
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C. Test Instrumentation

The Instrumentation for this test series consisted of pressure
transducers, magnetic tspe recorder/playback, and a data reduction system. A
block diagram is shown in Figure 5.

1. Pressure Transducers. Pismo-electric pressure transducers were used
for this series of tests. The PCA Electronics Inc., models 113A22, 113A24,
and 113A28, with quarts samsing elements and built-in source followers were
used extensively.

2. Tape lecorder System. The tape recorder consisted of three basic
units, the power supply and voltage calibrator, the amplifiers, and the FM
recorder. The FM tape recorder was a Honeywell 7600 having a frequency
response of 80 kHs. Once the signal was recorded on the magnetic tape it was
played back and recorded on a Honeywell Visicorder. This oscillograph has 5
kUs frequency response and the overpressure versus time recorded at the
Individual stations can be read directly from the playback records for
preliminary data analysis.

3. Data Reduction System. For the final data output, the tape signals
were processed through an analog-tv digital converter, to a digital recorder-
reproducer, and then to a computer. The computer (TUKTRONX 4051) was
programead to apply the calibration values and present the data in the proper
units for analysis. From the computer, the data is put on a digital tape from
which the final form can be plotted or tabulated. The digital tape can be
also stored for future analysis.

D. Test Layout

The objective of this program was to document the blast propagation from a
scaled munition magazine model assuming an accidental explosion of a specific
amount of explosive. This required three lines instrumented with pressure
transducers. One to the front of the magazine, designated the 0-degree blast
line. One to the side of the magamine, designated the 90-degree blast line,
and one to the rear of the magazine designated the 180-degree blast line. The
field test layout is shown in Figure 6.

1. Donor Charges In )kSaaine. When the tests are conducted with the
donor charge in the magazine model there are specific distances that should be
documented along the blast line. The first of those is the "safe separation"
distance. This Is defined as the required separation of munition storage
magasines. it is a function of the quantity of explosive to be stored and
relative locations of the magazines. The safe separation distance to the
front and rear of the donor magazine, the 0-degree and 180-degree blast line,
is defined as
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DsP 0-180 " 0.8 1 Q'/3 E. (1)

To the side of the magazine (the 90-degree blast line) the separation distance
Is defined as

DSF 90 " 0.5 x Q1/3 m. (2)

The safe separation distance is measured from the interior walls of the
magazine. The pressure transducer station distances are measured from the
geometric center of the floor of the magazine. An adjusted distance of
0.305 m was added to the O-degree and 180-degree line safe separation distance
for the first station and 0.132 m was added to the 90-degree line safe
separation distance for the location of the first station. That is

DSF 0/180 + 0.305 - 0.8Q1/3 + 0.305 (3)

DSF 90 + 0,137 - 0.5Q1 / 3 + 0.1.37 (4)

Table 1 shows the location of the first station on each blast line for the
five charge weights.

TABLE 1. LOCATION OF FIRST STATIONS

11 17id 180 13 1
Q Q .8Q 1 '3  .8Q + .305 .5Q 1 3  5Q + .132

'C I m M m

.227 .610 .488 .793 0.305 0.437

.363 .713 .570 .875 0.357 0.487
1.089 1.029 .823 1.128 0.514 0.646
1.814 1.220 .976 1.281 0.610 0.742
4.990 1.709 1.367 1.672 0.855 0.987

The station locations for the five charge weights and the three blast
lines are listed in Table 2. The distances range from 0.57 m to 21.3 a with
many station distances repeated for the different charge masses in order to
keep movement of gage stations to a minimum and thereby keep the turn around
time per test as short as possible. Station 90-1 was placed no closer than
0.57 m because the sand cover, the masonite base, and the gage mount would not
allow the measurement to be made closer.

2. Donor Charge Unconfined. To meet the objectives of the test and
determine the suppressive effect of the earth cover one must establish a base
for comparison. Therefore the blast parameters along the 0, 90, and 180-
degree blast lines were determined for four charge masses without the magazine
in place, is, charge unconfined. The 5.0 ks charge was not tested unconfined.

E. Test Matrix

The series was designead to conduct the minimum number of tests to meet the
objective. Tests were conducted both with the charges covered, is, in the

0 125



TABLE 2. GAGE STATION LOCATIONS)

Charge
asl (ka) 4.99 1.814 1.066 0.363 0.227

Station Distance Distance Distance Distance Distance
I a a a a

0-1 1.68 1.27 1.12 0.87 0.79
0-2 2.29 1.68 1.27 1.27 1.27
0-3 3.20 2.29 1.68 1.68 1.68
0-4 4.27 3.20 2.29 2.29 2.29
0-5 6.00 4.27 3.20 3.20 3.20
0-6 8.40 9.14 6.10 6.10 4.27
0-7 14.00 12.80 10.67 10.67 6.10
0-8 21.00 21.34 18.29 18.29 10.67

90-1 0.99 0.74 0.64 0.61' 0.57A
90-2 1.50 1.12 1.12 1.12 1.14
90-3 2.00 1.27 1.27 1.27 1.68
90-4 3.20 1.68 1.68 1.68 2.30
90-5 4.50 2.29 2.29 2.29 3.35
90-6 6.00 3.20 5.03 5.03 5.03
90-7 8.00 6.71 6.10 6.80 6.80
90-8 12.50 12.80 12.80 12.80 9.14
90-9 21.00 21.34 18.29 18.29 12.80

180-1 1.68 1.27 1.12 0.87 0.79
180-2 2.29 1.68 1.27 1.27 1.27
180-3 3.20 2.29 1.68 1.67 1.68
180-4 4.27 3.20 2.29 2.29 2.29
180-5 6.00 4.27 3.20 3.20 3.20
180-6 8.40 6.10 6.10 6.10 4.27
180-7 14.00 12.80 10.67 10.67 6.10
180-8 21.00 21.34 18.29 18.29 10.67

*Station was as close as the sand covered slope would allow.
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magazine, and uncovered to establish any suppressive effect at the lower
stored quantities of munitions. The number of tests and conditions planned
are listed in Table 3.

TABLE 3. PLANNED TEST WATRIX

Charge Charge Charge
Mass In-bkgazine Unconfined
,k Tests Tests

.227 2 1

.363 2 1

1.089 2 1

1.814 2 1

5.040 2 0

Tf large variations were found in the results from the two "in-magazine
tests" then a third test would be conducted. Likewise if the uncovered shots
do not follow the trend established in Reference 1, then a repeat test would
be conducted.

III. RESULTS

{The results will be presented in the form of tables and graphs. Each
blast line will be treated separately for the various charge masses in order
to show any suppressive effect the earth cover might have at the lower loading
densities.

The program was modified during the field test phase because the overlap
expected at the 45360 kg charge mass between the 1/50th-scale (Reference 1)
and the 1/30th-scale results did not occur at the safe separation distance. A
test series to include the simulation of a full-scale 136,080 kg in a standard
magazine was added to further check the 1/50 and 1/30 scaled model results.

There is also some concern in the comparison of the suppressive effect of
the earth cover when using a hemicylindrical charge as the donor because of
the second shock pulse that develops at the greater distances when detonated
in an uncovered environment. Test Number 7 was added In which a hemispherical
charge of 1.128 kg was tested in the 1/30th-scaled magazine model of a
standard munition storage magazine. The results of this test will be compared
with the in-mgazine heaicylindrical charge tests. 2 They may also be compared
with the standard hemispherical surface burst data. The tests as conducted
are listed in Table 4.

2 C.N. Kingery, "Air Blast Parameters versus Distance for Hemispherical

TNT Surface Burst," BRL R 1344, September 1960.
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TABLE 4. TEST NATRIX AS CONDUCTED

Test No. Charge Mass, kg Charge Environment

1 1.814 in magazine
2 1.814 in magazine
3 1.814 free-field
4 1.070 in magazine
5 1.066 in magazine
6 1.066 in magazine
7a 1.128 in magazine
8 1.066 free-field
9 0.363 in magazine

10 0.363 in magazine
11 0.363 free-field
12 0.227 in magazine
13 0.227 in magazine
14 0.227 in magazine
15 0.227 free-field
16 4.99 in magazine
17 4.99 in magazine

a hemisphere

A. Blast Parameters Along the O-Degree Blast Line.

The 0-degree blast line extends to the front of the magazine. The redults
from Reference 1 indicate an enhancement of the blast parameters because of
the focusing effect of the three earth barriers and the weakness of the
headwall and door. As listed in Toble 4 either two or three tests were
conducted for the covered conditions therefore an average value is listed in
the data tables. Only one test was conducted for the unconfined charges. The
5.0 kg charge was not fired unconfined. The blast parameters for all blast
lines and charge masses are listed in Table 5 through 14.

1. Peak Overpressure versus Scaled Distance, 0-Degree Blast Line. The
average peak overpressures versus scaled distances recorded at Stations 0-1
through 0-8 for the unconfined tests are listed in Tables 6, 8, 10, and 12.
The values are plotted in Figure 7. Where double peaks were recorded along
the blast line only the maximum values are plotted. There is excellent
agreement between the various charge masses when scaled to 1 kg mass. The
results follow the saew trend as established in Reference 1.

The peak overpressure versus scaled distance along the 0-degree blast
line for the five charge masses, tested in magazine, are plotted in Figure
8. The results indicate a smooth pressure decay with distance over the
full range of measurements. It was unexpected that the 5.0 kg tests would
produc Mressure values lower than average at scaled distances greater than
3 m/kS"'.
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As noted in Reference 1 the peak overpressures meatured from the in-
magazine charges are higher than recorded for she uncoaered charges butS only out to a scaled distance of 6.5 u/kS1. In this region there is a
cross-over and the uncovered charges produce higher values at the greater
distInces. This cross-over of peak overpressure is caused by a second pe#1k
wave which develops from a "bridge wave" as described in Reference 3.
There is no suppressive effect noted alonp the 0-degree blast line for the
in-magazine lower loading density. The in-magazine peak overpressure
values are approximately 25 percent M,~er than the uncovered values at
scaled distances greater than 8 u/kg

2. Scaled Overpressure Impulse versus Scaled Distance, O-Dearee Blast
ine. scaled overpressure impulse versus scaled distance recorded at

Stations 0-1 through 0-8 for the four wiconfined charge masses are plotted
in Figure 9. There is excellent correlation and with all values scaled to
1 kg there is no apparent mass effect. The scaled valuea for the five
charge masses tested In-magazine are plotted in FigurQ 10. A phenomenon
similar to that noted on the peak overpreosure curves are noted on the
scaled impulse curves. That is, the overpressure impulse recorded for the
in-magazine tests are higher than those rqmgrded on th. unconfined tests
out to a distance of approximately 5 m/kSgI where there is a cros6-over.
Beyond this range the free-field values of impulse lie larger than the in-
magazine values. At distances greater than ) r/kgl, the in-magazine
values of scaled impulse are approximately 25 percent lower than the
unconfined values. The scaled impulse re.ordod from the larger chrrges
test11 in-magazine show greater attenuation at distances greater than 1.5
a/ks• than do the smaller charges. This is the reverse uf what might be
be expected from lower density lodding. It is surmised that for the larger
charge masses the earth barriers have less effect on the focu3ing along the
0-degree blast line. As can be seen in Figure 10 the scaled values from
the 0.227 kg charge are in general higher than the scaled values from the
5.0 kg charges.

B. Blast Parameters alcng the 90-Degree Blast Line

The 90-degree blast line extends to the side of the magazine. The gage
station locations run from 90-1 to 90-9. The distances are listed Lru 7Wle
2. The results are listed in Tables 5 through 14 fc the five charge
masses in-magazine and the four c7parge masses unconfined. The val-'eA of
peak overpressure from thi tables are plotted versus scaled distance in
Figures 11 and 12. The values of scaled overpressure impulse versus scaled
distance are plotted in Figures 13 and 14.

1. Peak Overpressure versus Scaled Distance, 90-Degree Blast Line.
The values of peak overpressure versus scaled distance along the 90-degree
blast line for the unconfined testw are plotted In Figure 11 and show
excellent correlation of data when scaled to 1 kg. e re is some scatter
of data points at scaled distances less than 1 m/kg''. The results follow
the sa&e trend as established In Reference 1.

R.E. Reisler, L. Giglio-Tos, and GD. Tool, "Air Blast Parameters from
Pentolite Cylinders Detonated on the Ground," BRL MR 2472, April 1975.
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Figure 11. Peak overpressure versus scaled distance along the
90-degree blast line, charges unconfined.
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Figure 13. Scaled overpressure impulse versus scaled distance along
the 90-degree blast line, charges unconfined.
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The values of peak overpressure versus scaled distance along the 90-
degree blast line for the five charge masses tested in the magazine are
plotted to Figure 12. There is a very large loading 4gneity effect on the
pWeak qerpreasure from a , led distance of 0.6 n/kg out to 6.0
m/ks1 =. Beyond 6.0 &/kg"l the suppression effect of the various loading
densities becomes less evident. A discussion of the effect of low loading
on the peak overpressure versus distance will be given later in this
report.

2. Scaled 0vereressure Imulse. versus Scaled Distance. 90-Degree Blast
Line. The values of scaled Impulse versus scaled distance recorded along
'to-90-dsgree blast line for the four charge masses, unconfined, are
plotted in Figure 13. The values establish a good trend and follow that
reported in Reference 1. The charge masses range over a factor of 8, bet
using cube root scaling the scaled values show very little scatter.

The values of scaled impulse along the 90-degree blast line for the in-
magazine tests are plotted in Figure 14. Although the peak overpressure
values plotted in Figure 12 show a greater suppression at the lower loading
densities (0.363 and 0.227 kg charges) this is not evident in the ecaled
overpressure impulse versus scaled distance presented in Figure 14. The
peak overpressures were lower but because there were double peaks this
apparently added to the impulse making only small differences in the scaled
impulse. The second peak is an interior reflection from the magazine's
arch.

When comparing the values of scaled impulse recorded from the in-
magazine and uncovered charges there is suppression evident ove; the j
coMp171e range of distances. From a scaled distance of 2 ml/kg" 3 out to 20
in/kg '• the average attenuation of the in-magaxine values is 25 percent of
the unconfined values. The scaled impulse values do not merge into one
curve at the greater distances as the peak overpressure values did along
"the 90-degree blast line.

In Figure 14 it can be seen that the suppression of the positive
impulse along the 90-degree blast line is a function of loading density.
The magnitude of this effect will be discussed later in this report.

C. Blast Parameters along the 180-Degree Blast Line

The 180-degree blast line extends to the rear of the magazine. This is
away from the door and the point of initiation of the charge. The gage
locations for stations 180-1 through 180-8 are listed in Table 2 while the
peak overpressure and impulse values are listed in Tables 5 through 14.

1. Peak Overpressure versus Scaled Distance, 180-Degree Blast Line.
The values of peak overpressure versus scaled distance along the 180-degree
blast line for the unconfined tests are plotted in Figure 15. Here the
effect of the configuration of the charge and poingf detonation can
clearly be seen. The station from 1.0 to 3.0 m/kg record higher peak
overpressure along the 180-degree blast line than along the 0-degree blast
line. This is because detonation point is at 0-degree blast line end of
the j"rge. A major curve inflection is noted at a scaled distance of 4.5
a/ks• where a second shock develops and becomes increasingly greater in
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Figure 15. Peak overpressure versus scaled distance along the
180-degree blast line, charges unconfined.
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magnitude than the initial shock an the distance increases. A second shock
does not develop when the charge is tested in the storage magazine.

The values of peak overpressure recorded from the in-magaszie tests are
plotted versus scaled distance in Figure 16. Here we see a trend similar
to that noted on the 90-degree blast line. The two small charge masse*
show some blast attenuation over the total rante because of a loading
density effect. The magnitude of the loading density effect will be'
discussed later.

When comparing the in-masazine tests (Figure 16) with the unconfined
test (Figure 15) it is quite evident that there Is blast attenuation over
the complete range of measurements.

2. Scaled Impulse versus Scaled Distance. 180-Degree Blast Line. The
scaled impulse values recorded for the unconftned charges are listed in
Tables 6, 8, 10, and 12 and plotted in F fgvre 17. The change in the slope
of the curve at scaled distance of 3m/ks la caused by the increase in
impulse which in turn is caused by the second shock noted in Figure 15.
The scaled impulse values for all rour charge masses follow the same trend.

The values of a scaled overpressure impulse along the 180-degree blast
line for the In-magazLne tests are listed in Table 5, 7, 9, 11, and 14.
These values are plotted in Figure 18. There appears to be some
suppressive effect on scaled impulse along the 180-degree which is a
function of loading density. The 1.814 kg values are - 10 percent loes
than the 5.04 kg values while the 1.066 kg values are - 10 percent less
than the 1.814 kg values. The 0.363 and 0.227 kg values are - 10 percent
less than the 1.066 kg values of scaled Impulse. These suppressions of
impulse are not great but they do appear consistant and valid.

The attenuation of scaled impulse because of confinement is 50 percent
or greater along the 180-degree blast line. The attenuation of scaled
impulse because of loading density is quite evident in Figure 18 and will
be discussed in the following section.

D. Blast Attenuation as a Function of Loading Density

The preceeding sections have pointed out the enhancement or attenuation
of the blast waves as a function of a confined charge (in-magazine)
relative to an unconfined charge. The following discussion will include
the attenuation of the blast wave as a function of explosive loading
density within the storage magazine model. The 1.814 kg charge which
simulates a 48980 kg (107760 lbm) will be used as the baseline for
comparison. The 0.227 kg charge will be used to determine the attenuation
at selected distances. The foulejistances of primary interest are (1) the
safe 179aration distance (0.8 Q m for 0 and 180-degree blast line and
0.5 Q m for.)e 90-degree blast line), (2) the unbarrt~ded intraline
distance 7.2 Q m, (3) the puM c traffic routes 9.6 Q m, and (4)
inhabited building distance 16 Q m. The attenuation or enhancement of
peak overpressure will be treated in two ways. First the difference in
peak overpres'ijrA at the selected distances and second the difference in
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Figure 16. Peak overpressure versus scaled distance along the
180-degree blast line, charges in magazine.
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scaled distanco for the peak overpressure associated with the baseline
curve. From the second method the equivalent mass factor will be
determined.

The effect of loading density on the overpressure impulse will also be
determined. This method will also be based on the equivalent mass
factor. A ratio of the scale impulse/scaled distance for the baseline plot
(1.814 kg scaled to 1 kg) will be computed and the scaled impulse versus
scaled distance curve for 0.227 kg will be searched to determine an equal
ratio. From this ratio the scaled distance will be determined and used to
calculate the equivalent mass factor.

1. LoadinM Density Effects on Peak Overpressure. The effects of
loading density on peak overpressure is presented in Table 15 for four
selected distances along three blast lines. The percentage difference
listed in column six is the difference in the low loading density (0.227
kg) relative to the medium loading density (1.814 kg).

There is little or no loading density effect on peak overpressure along
the 0-degree blast line. An average of the percentage differences noted in
column six would fall within a relative difference band of +6 percent.

Along the 90-degree blast line the major attenuation Is at the safe-
separation distance where it is 79.4 percent. The other three selected
distances indicate an average of 14.6 percent attenuation of peak
overpressure.

The attenuation of peak overpressure along the 180-degree blast line is 4

also greatest at the safe separation distance (44 percent) while the
average attenuation at the other three distances is 19 percent.

2. Effect of Pressure, Attenuation on Equivalent Yield. The
attenuation of peak overpressure along the blast lines can also be
expressed in equivalent yield or an equivalent mass factor (EMF). That is,
the explosive yield of the attenuated pressure-distance curve relative to
the baseline curve. The equivalent mass factors (EMF) are listed in column
six of Table 16 for the three blast lines.

The EMF determined along the 0-degree blast line follows the same trend
as the peak overpressure differences. Some are less than 1.0 and some
greater than 1.0. The average is 0.98 indicating there is no significant
effect of loading density on the EMF along the O-degree line.

The EM' values based on pressure attenuation along the 90-degree
blastline are listed in column six of Table 16. A value could not be
calculated for the first distance but the last three Aistances give an
average EUf of 0.69 + 7 percent.

The EWk determined for the 180-degree line for the last three selected
distances is to .62, +5, -8 percent. This follows the same trend
established in Table 15 where the 180-degree line recorded greater peak
overpressure attenuation than the 90-degree line.
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TABLE 1i. LOADING DsNSiTY svrzCTS ON PEAK OVERPRESSURE

BLAST SCALED PEAZ OMR0PSSCag DIFFERENCE

LIVE DISTANCE 1.814 h O.,27, ks . ,

LDEGE s/kal/,3  kPa kpa kPa

0 1.1 1400.0 1250.0 -150.0 -10.7

7.2 24.5 28.0 +3.5 +14.0

4.6 14.3 14.9 +0.6 +4.0

16.0 G.2 5.4 -0.8 -15.0

90 0.63 378.0 78.0 -300.0 -79.4

7.2 71.5 13.0 +3.5 -16.5

9.6 13.6 11.9 +1.7 -1118

16.0 6.5 5.5 +110 -15.4

180 1.1 270.0 119.0 +151.0 -44.0

7.2 13.8 1i.l) +2.7 -20.0

9.6 9.3 7.8 -1.5 -16.0

16.0 4.9 3.8 +1.1 -22.0
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TABLE 16. LOADING DRSITY EFFECTS ON EQUIVALNT YIELDS

SCALED DISTANCE 310
BLAST PEAK 1.m kg 0.227 ks

LIN% OVERPEESSURR RIR !2R)

DUGRE99 kpo Wnk1 3 r/W /3

0 1400.0 1.10 1.02 0.80

24.5 7.20 7.70 1.22

14.3 9.60 9.80 1.06

6.2 16.00 15.00 0.82

90 ....

21.5 7.?0 6.25 0.65

13,.6 9.60 8.70 0.74

6.5 16.00 14.10 0.68

180 .....-

13.8 7.20 6.2 0.64

9.3 9.60 8.3 0.65

4.8 16.00 13.3 0.57
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3. Loading Density Effects on Inpulse. The effect of loading density
on the overpressure impulse along the three blast lines is listed in Table
17. The percentage difference between the baseline curve and the low
loading density curve is listed in column six for the four selected
distances along each blast line.

Although the O-degree blast line recorded very little difference in the
peak overpressure because of loading density the impulse is enhanced. This
enhancement is +7 percent at .he first distance and an average of +21
percent for the last three stations.

Along the 90-degree blast line there is an attenuation of impulse as
well as peak overpressure. The percentage difference appears to increase
with distance, going from -7.8 percent at the first station to -20.5
percent at the last station.

The impulse recorded along the 180-degree blast line is also
attenuated. The percentage attenuation of impulse at the last three
stations is almost the same as recorded for peak overpreseure at the last
three stations shown in Table 15, ie, -18.8 vs -19.3 percent.

4. Effect of Impulse Variations on Equivalent Yield. The equivalent
mass factors will be determined based on the variation of impulse along the
blast lines as a function of loading density. The method described under
Section D will be used to determine EM. Values are listed in Table 18.

The values of the EHF determined along the O-degree blast line based on
f Impulse again show an enhancement. The average Ef is 1.31 showing that

the low loading density will give higher scaled impulse values along the 0-
degree blast line. The focusing effect of the three earth barricades is
more effective for low density loads than the higher density loads. This
is borne oat in Figure 10 where the high loading density (5.0 kg) recorded
much lUwer scaled impulse values than the low loading density (0.227 kg).

The average EMV along the 90-degree blast line was 0.81 + 7 percent
while the average EMF along the 180-degree blast line was 0.74 + 1.3
percent.

E. Hemicylindrical versus Hemispherical Charges in Mkgazine

There was some difficulty in determining the effect of earth cover on
the suppression of blast when compar'ng the confined (in-magazine) and
unconfined hemicylindrical charge because of the double peaked shock waves
recorded along both the 0-degree and 180-degree blast lines when
unconfined. These double peaks did not materializc when the charges were
confined.

1. Comparison of Peak Overpressure versus Scaled Distance. One test
was conducted with a 1.128 kg hemispherical charge plac.d in a 1/30th-scale
arnition storage magazine model. The results from thia test are listed in
Table 13. The values listed in Table 13 were scaled to a 1 kg equivalent
and are compared with a 1.066 kg hemicylindrical charge tested in the
magazine wodel. Tha hemicylindrical charge values are listed in Table 7.
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TABLE 17. LOADING DENSITY ZEFECTS ON IM'ULSE

BLAST SCALED UhULSE DIFFERENCE
LINE DISTANCE 1.814 kg 0.227 k2 4 Z

DEGREE a/k!l/ 3  ka..a/kgl/ 3  kP&-us/kgl/ 3  kPa-se/kal/ 3

0 1.1 235.0 250.0 +15.0 +7.0

7.2 30.0 37.0 +7.0 +23.0

9.6 22.5 27.0 +4.5 +20.0

16.0 12.8 15.5 +2.7 +21.0

90 .63 103.0 95.0 -8.0 -7.8

7.2 34.5 32.0 -2.5 -7.2

9.6 27.0 23.5 -3.5 -13.0

16.0 17.0 13.5 -3.5 -20.5

180 1.1 78.0 68.0 -10.0 -12.5

7.2 23.5 19.0 -4.5 -19.2

9.6 18.0 14.8 -3.2 -17.7

16.0 11.2 9.0 -2.2 -19.6
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TABLE 18. EQUIVALENT YIELD FROM IIPULSE VARIATIONS

1.814 k8 0.227 kg
BLAST SCALED SCALED 11/R1 SCALED SCALED sw
LINE DISTANCE, IMULSE DISTANCE . . ULSZ

DEGREE R I1, I2 (R2/11>3

1/3 kPau-s/k1/ 3  m/k 1/3 kPa"sl%1/3

0 1.1 235.0 213.6 1.15 246.0 1.14

7.2 30.0 4.2 8.0 33.0 1.37

9.6 22.5 2.3 10.5 24.6 1.31

16.0 12.8 0.8 18.0 14.0 1.42

90 0.63 103.0 163.0 0.59 96.0 0.81

7.20 34.5 4.8 6.90 33.0 0.88

9.60 27.0 2.8 9.00 25.5 0.82

16.00 17.0 1.1 14.50 15.4 0.74

( 180 1.1 78.0 70.9 1.0 71.0 0.75

7.2 23.5 3.3 6.5 21.2 0.74

9.6 18.0 1.9 8.6 16.2 0.73

16.0 11.2 0.7 14.5 10.1 0.74
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The comparison of peak overpresmure along the three blast lines are
presented in Figures 19, 20, and 21. The peek overpressure versus scaled
distance along the O-degree blast lUne for the two charge configuratious tos
shown in Figure 19.

The peak overpressures versus scaled distances along the 90-degree
blast line for the two charge configurations are plotted in Figure 20.
Here the peak overpressure* recorded from the hemicylindrical charge are
love ,han the herispa9pical charge out to a scaled distance of 4
/fk From 4 a/kg out to the inhabited building distance (16

a/kgI/ 3) there is no significant difference in the plotted data.

The peak overpressures versus scaled distance recorded along the 180-
degree blast line are plotted in Figure 21. Here again the values from the
hemicylindrical charge are lover than the vaes from the hemiy ~erical
charge out/So a scaled distance of 2.2 m/kg"'.o From 2.2 u/kg 8 out to
17.5 m/kg there Is no significant difference in the two sets of data.

2. Comparison of Scaled Impulse versus Scaled Distance. The values of
scaled impulse versus scaled distances plotted in Figures 22, 23, and 24
were taken from Tables 7 and 13. In Figure 22, the O-degree blast line,
the values from the t Y 3charge configurations compare quite ell at scaled
dist qaes from 1 n/kg out to 2 y/gIIJ and from 10 m/kgL/J out to 20
r/ksg". From 2m/k•"f3 to 10 rn/kg the scaled values of impulse from the
hemicylindrical charge are lower.

Along the 90-degree blast line the values from t hemicylindrical

charge as shown in Figure 23 are lower out to 4 r/kg•7 but beyond that
there is no significant difference.

In Figure 24 the scaled impulse versus scaled distance values from the
180-degree blast line are plotted for the two charge configurations. The
trend is similar to the O-degree blast line where the beginning and end of
the curves col"I re well. There is no sigaificant difference in values
beyond 6 m/kS

For future tests where the suppression of blast parameters from earth
cover is an objective it may be advisable to use hemispherical charges in
the magazine model rather than hemicylindrical charges.

F. 1/30th-Scale versus 1/50th-Scale Testing

When simulating the effects of an accidental explosion in a munition
storage magazine with an explosive source of 45360 kg (100,000 ibm) using
munition storage magazine models a 0.363 kg charge was used in the 1/50th-
scale tests and a 1.814 kg charge was used in the 1/30th-scale tests.

For the simulation of 136000 kg (300,000 Ibm) a 1.080 kg chage was
used for the 1/50th-scale tests while a 5.04 kg charge was used for the
1/30th-scale tests.

All data wiere scaled to a 1 kg equivalent for analysis and correlation
of results,

160



2^000 03 1.066kg HEMICYLINDER

V 1.128 kg HEMISPHERE

5000

50

lu~i

0~

LU

100

5"
05 1 5C 10 30

r 
SCALED DISTANCE (m/kgl/3)

Figure 19. Peak overpressure versus scaled distance along the
O-degree blast line, hemicylinder and hemisphere
in magazine.
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Figure 20. Peak overpressure versus scaled distance along the
90-degree blast line, hemicylinder and hemisphere
in magazine.
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Figure 21. Peak overpressure versus scaled distance along the 180-degree
blast line, hemicylinder and hemisphere in magazine.
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Figure 22. Scaled impulse versus scaled distance along the O-degree
blast line, hemicylinder and hemisphere in magazine.
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Figure 23. Scaled impulse versus scaled distance along the 90-degree
blast line, hemicylinder and hemisphre in magazine.
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Figure 24. Scaled impulse versus scaled distance along the 180-degree
blast line, hemicylinder and hemisphere in magazine.
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The results published in Reference 1 (l/'Oth-scala) were compared with
the present test results (1/30t1t-scale). The values of peak overpressure
along the 0-degree bias' line. recorded on the 1/50th-scale teete are
appeoximately 25 percent lyrr than t?- 1/30th-scal, test results at a 1/3
scaled 4;stance of 1 ./kgIJ but the results merge together at 2.5 a/kgl/3

for both the 45360 kg and the 136000 ks full-size simulations. There is no
significant differences in the impulse values along the 0-degree blast line
when comparing the results from the 1/50th-scale and 1/30th-scale tests.

The peak overpressure alouag the 90-degree blast line were o.qer on the
1/50th-scale tests than the 1/30th-scale tests out to 2.5 n/kg" on the
45360 kg simulation. The comparison of peak overpressure Is quite good
between the two scaled testa on the 136000 kg simulation. The impulses
recorded along the 90-degree blast line for the 1/50th-scale tests were 11
percent lower than those recorded on the 1/30th-scale tets for the 45360 kg
simulation. The correlation of impulse recorded, on the 1/50th and 1/30th-
scale tests along the 90-degree blast line for the 136000 kg simulation was
good. Only one data point fell outside an acceptable scatter.

The largest difference noted in peak overpressure is along the 180-
degree blast line when simulation 45360 kg full scale, the 1/5Oth-sctJi tet
results were 50 percent lower than the 1/30th-scale values at 1 r/kg' 1 .
The datal•om the two scale tests merge and beyond the scaled distance of
2.5 m/kg" the values are the same. The peak overpressure along the 180-
degree blast line for the 136000 kg simulation were an average of 13
percent lower o, the 1/50th-scale results compared to the 1/30th-scale
tests.

*1 The impulse along the 180-degree blast line for the 45360 kg simulation
from the 1/50th-scale tests were an average of 20 percent lower than the
1/30th-scale test results. Comparison of impulse for the 136000 kg
simulation gave an average difference of less than + 1 percent for the two
scaled test results along 180-degree blast line.

A detailed analysis to determine the cause of the differences recorded
between the 1/50th-scale test results and the 1/30th-scale test results has
not been made. Thl/jarger differences are generally at scaled distances
less than 2.5 m/kg

IV. CONCLUSIONS

The conclusions reached after analysis and discussion of results are
listed below.

1. There is a loading density effect on the blast propagation along
the three blast lines.

2. A13 ng the O-desree blast line the lowest loading density tests
(12.6 Wa ) gave th?/,ighest peak overpressures from a scaled distance of
3 rn/kg to 10 m/kg

C"4 
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3. Alqng the 0-degre LW.e-t line the lowest loading density tests
(12.6 kg/mn) save th•t•ighest scaled Impulse values beyond a scaled
distance of 1.5 /kg .

4. Alsns the 90-degree blast line the lovest loading density tests
(12.6 kg/m ) gave lower peak overpressures and lower scaled impulses over
the entire blast line.

5. Alq*g the 180-deg.ee blast line the two lower loading density tests
(12.6 kg/u" and 20.2 kg/mn) gave lower peak overpressure and lower scaled
Impulses over the entire blast line.

6. Quantity-distance criterion can be reduced for low loading
densities along the 90-degree and 180-degree blast lines but should be
Increased along the 0-degree blast line.

7. The 1/30th-scal. test results are recousended for 6130 kg (13,500
lb.) through 136000 kg (300,00 lbm) full site simulations. The 1/50th-
scale tests are satisfactory for 226800 kg (500,000 lbm) full size
simulations.
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N BLAST PREDICTIONS FOR COYOTE CANYON EXPLOSIONS

Jack W. Reed
Ground motion & Seismic Division 7111

Sandia National Laboratories
Albuquerque, NM 87185

@P: INTRODUCTION

Tests of small explosions of up to 7.5 toi:•. (6.8 Mg) of TNT

0• have friquently beer. conlucted on Kirtland Air Force Base with

0 only occasioial. nuisance damage ro, or complaints from, the

C neighboring community of Albuquerque. Provisions were made for

weather checks, including observations, forecasts, and acoustic

g propagation calculations, to determine whether or not a planned

event could be tested as well as estimates of the delays needed

to await suitable propaqation weather.

We have developed a set of yield (imits that may be fired

without seriously disturbing our neighbors (located as shown in

Figure 1) and without any check on weather conditions (assuming

unlikely strong propagations). Operations are conducted at two

primary firing sites, located in Coyote Canyon, the 200 km2

test field that extends 10 km south from Kirtland AFB - East,

(formerly named Sandia Base). In addition, limits have been

produced for keeping below the threshold of damage, as well as

the threshold for general audibility. All such thresholds have

been based on extensive experience, including recent results of

USAF- and NASA-supported airblast propagation tests at Cape

Canaveral, Florida, where detailed meteorological data acquisi-

tion systems were available [1). Finally, an up-to-date blast
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prediction procedure, based on locally available weather

observations and forecasts, has been developed for use by local

USAF meteorologists.

BACKGROUND

Atmospheric Acoustic Refraction

Atmospheric acoustic refraction causes sound (or airtlast)

rays to bend upward, away from ground, when sound velocity

decreases with height, as shown in Figure 2&, because higher

portions of the wave travel in a slower velocity medium than

lower wave portions. Conversely, when sound velocity incceases

with height (Figure 2c) emitted rays are bent toward yc.und,

forming a sound duct and enhancing propagation. In the

homogeneous atmosphere case (Figure 2b), with everywhere const;-.i.f % sound velocity, the hemispherical surface burst or spherical

free air burst (FAB) ýxplosion wave expands radially without

distortion, and with characteristics that havP been adequately'4 defined by one-dimensional hydrodynamic models for explosions

[2, 3).

Standard Explosion Definition

The standard 1-kt* nuclear explosion (NE), free-air burst

(FAE), as computed by tne USAF Weapons Laboratory (AFWL) [3],

gives an airblast overpressure versus distance curve shown in

Figure 3, using the distance scale at the too of the figure.

*The commonly used kiloton, abbreviated kt, was used rather

than its SI equivalent, 4.2 TJ.
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SILENT OR SHADOW
________ZONE

a. GRADIENT

b. STANDARD

ACOUSTIC DUCT

SOUND SOURCE
VELOCITY POINT D ISTANCE

c.INVERSION

Figure 2. Atmospheric Refraction of Acoustic
or Airbiast Rays
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The bottom scal&3 has been adjusted to a 1 kg HE (TNT chemical

high explosives) yield, following

RI/R 2 - (WI/W 2 )1 /3 (1)

where R is radial distance and W is explosion yield. Also

included in the Figure 3 scale shift is the generally accepted

factor of two converting NE to HE yield [4].

Height-of-Burst (HOB)

Height-of-Burst is an important factor in determining

explosion airblast source strength [41. The reflection-formed

hemispherical Mach wave appears to come from an enhanced yield,

as shown in Figure 4, up to a yield-scaled height referred to

as the "optimum" HOB. This gives the "most bang for the buck,"

or maximum radial extent of specific over-pressure or damage

(up to a level of a few tens of kilo-pascals).

Atmospheric Effects on Propagation

Refractive distortion of a blast wave by the atmosphere may

enhance or attenuate propagation. In addition, a wove may

actually be focused along a circumferential arc (caustic) around

an explosion under more complex atmospheric conditions [5].

Specifically, when directed sound velocity decreases, then

increases with height to a velocity aloft that is greater than

the surface velocity, as shown in Figure 5, an annular portion

of an explosion hemisphere wave is essentially reflected aloft

and returned to the ground in an ensonified ring, beyond a so-

called "zone of silence."
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Observations of atmospheric nuclear tests recorded an

extren.e of 5X magnification above standard unrefracted incident

amplitude propagation [6], caused by jet stream winds near 10 km

MSL (mean sea level) altitude. Up to 3X recordings near 220 km

range were caused by the relatively warm atmospheric ozonosphere

layer near 50 km altitude with seasonally directed winds and

propagations at that level. Sandia experiments in Nevada with

1134 kg HE explosions showed up to 8.3X amplitude magnification

from jet stream winds that were calculated by caustic ray path

programs to cause a caustic at about 60 km distance [7).

Current interest in hot-fueled motors (Class VII explosive

fuels) for such vehicles as the Trident [8), MX and Shuttle,

led to an extensive experimental study of boundary layer (to

1.5 km MSL altitude) propagation at Cape Canaveral, Florida.

Several hundred explosions, with yields ranging from 2.3 kg to

1145 kg TNT, were fired in 1979, under a variety of weather

conditions Ell. Airblast amplitude records were obtained that

allow quantitative relation of propagation (amplitude versus

distance functions) to weather (sound velocity change; positive

for inversions, negative in gradient conditions).

Figure 6 shows an empirical family of amplitude-distance

curves (scaled to 1 kg HE FAB) that was obtained over flat

Florida palmetto, sand, and swamp. Sound velocity differences

are shown for each curve, representing the maximum deviation

from surface level sound velocity that was observed in the

boundary layer by a nearby 150 m meteorological tower. Figure
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scales have been shifted to Albuquerque pressure-altitude

(83 kPa).

Some statistics of propagation measurements under complex

conditions are also shown in Figure 6. Complex cases include

both clear dog-leg V(z) structures as well as what appear to be

very nearly standard conditions (V(z) - constant). In near-

standard cases there were occasional strong propagations caused

by undetected sound velocity complexities.

Blast Noise Nuisance and Damage

Audible sounds generally range in frequencies from about

15 Hz to 20 kHz [5]. Low frequency explosion noises usually

must reach about 20 Pa amplitude or 10 Pa overpressure (114 dB*)

to be barely heard; 50 Pa overpressure (128 dB) usually arouses

considerable attention from a typical community.

At long ranges, assumed for "distant* communities and low
expected overpressures, the dominant frequency should be near

0.4 Hz from 1 kt NE and 30 Hz from 1 kg HE, except for added

low frequency components caused by multi-path atmospheric

propagations. on the other hand, it usually appears that much

of what the public hears from distant explosions is the rattle

of their houses in response to this low frequency pressure

oscillation. Unfortunately, house-rattling often triggers

a search for damage, and the years' accumulation of cracked

*i

Acoustic level L - 20 lo (p/2 x 10-5) decibels (dB), for
pressure oscillation ampllude, p, in pascals.
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plaster and windows is often claimed as the immediate consequence

of an explosion.

Assessing true community damage from such weak explosion

waves is quite complex. Experience with atmospheric nuclear

tests has shown that a threshold for window damage appears to

be about 400 Pa amplitude [9].

Window glass would seem to offer a relatively simple and

sensitive structural component for airblast-damage correlations.

Unfortunately, nothing is ever so simple as it seems, and to

date, there is no satisfying and conclusive theoretical model

for window damage response to airblast amplitude input. It

appears that a simple empirical estimator, based on explosion

test and accident results, gives the only satisfactory prediction

[10). As shown in Figure 7, the function relating breakage

probability (on a community-wide basis of an assumed distribu-

tion of installations) to applied airblast overpressure, is

the lognormal statistic

APB = 7.5 x (2.5) ± kPa

YIELD LIMITATIONS, NO WEATHER CHECK

Acceptability Criteria

Cost effectiveness analysis would usually show that expenses

of delaying an explosion test operation far exceed airblast

damage costs, even under the worst weather conditions. Excep-

tions occur, of course, when someone is injured by falling or

flying glass, or when community annoyance reaches such proportions
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that political action is taken to suspend or radically change

an operating program.

To avoid such consequences, limitations are commonly imposed

and accepted by test managers to hold airblast noise levels

dowrA to mild rumbles, comparable to thunder. A recorded pressure

amplitude of about 100 Pa corresponds to this noise level, at

about one quarter the window damage threshold. Amplitudes of

20 Pa should pass unnoticed except by a forewarned and perceptive

observer in a quiet ambience.

Relevant pressure-distance curves and data for establishing

criteria are shown in Figure 8. Extreme propagation for 400 Pa

damage has been adopted at a scaled distance of 1164 m/kgl/3.

Application of the 8.7X focus factor to long range gives the

extreme range for minimal audibility (20 Pa) at 20 km/kgl/3.

Operational decisions of whether or not a weather check is

necessary may be made on the basis of generally accepting 100 Pa

rumbings, while allowing that on rare occasions the rumble may

be quite loud but not damaging.

Thus 100 Pa amplitude at 1950 m/kgl/3 has been adopted, based

on a +2a deviation from the average of complex condition propaga-

tions in Florida. With strong, simple inversions, AV - +10 m/s,

100 Pa would carry just beyond 1 km/kgl/3 on the average and +la

in the distribution would fall near 1.5 km/kgl/3. Florida test

inversions never exceeded AV - +10 m/s. Stronger propagations

will occur when there are complex conditions and focusing, but

only 250 Pa would then be expected in the extreme cases of BX
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magnification. No damage claims should arise from these rare

incidents.

Calculated Limits for Various HOBs

Based on this criterion, that 100 Pa should extend to less

than 1950 m/kgl/3, expll6 sion yield limits 4n Table I were

ýýalculated for critical target distances from two primary Coyote

Canyon explosion test sites. Yield limits for not exceeding

the 400 Pa damage threshold and the 20 Pa audibility threshol,:1

are also tabulated.

Table I shows that turance Canyon tests with surface bursts

should be limited to 36 kg HE to hold propagation into Four

Hills to less thanl100 Pa amplitude under most weather condi-

tions. Minor elevations of the charge can be accepted, up to

4 m, before TIOB enhancement effects become significant. At

optimum HOB, however, the limit is only 13 kg HE at 9 m above

ground. Free air bursts, well above optimun JIOB, could be 72

kg HE at 38 m or more, where FAB spherical wave formation is

assured.

Thunder Range tests, at 9.5 km from the south boundary of

Four Hills, should be restricted to 58 kg HE surface bursts.

There have, in the past, been instances when minor airblast

damage was caused by as little as 45 kg HE, as well as by rocket

sled tests. Over thirty years of operation, such incidents

have been so rare that they have been 4ccepted by the community.

En general, it should take about four times the criteria

yieLd limit, as vwell 35 extremely strong, focused propagations,

184
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"TABLE I.

4Weather-Independent Explosion Yield Limits,

Coyote Canyon Tests

Blast Location: Lurance Canyon Thunder Range
Igloo 9830 Bldg 9966

Critical Target: Four Hills Four Hills
8.1 km 9.5 km

Surface Bursts 36 kg 58 kg

Maximum Height 4 m 5 m

Elevated Bursts 13 kg 21 kg

Optimum Height 9 m 11 m
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"-ause damage at critical target communities. On the other

hand, barely audible sound might be observed from yields of

only a few grams of HE. Only if a great number of suah small

explosions were planned, as on a small-weapon firing range,

would there be any chance for significant public annoyance

Eroin such small shots.

YIELD LIMITS WITH GOOD WEATHER CONDITIONS

Gradient Conditions

Table [I shows explosion yields that could reasonably be

contemplated for Coyote Canyon testing, assuming that a weather

watch is available and test delays are acceptable while awaiting

suitably attenuated propagations. These optimistic estimates

were based on good gradient propagation conditions of sV = -5 m/s.

Stronger gradients were occasionally observed during Florida

tests, down to -10 m/s, but they included a wind component that

would not usually prevail over the necessary range of azimuths.

Under clear skies and generally light wind conditions, with

firing restricted to early afternoon during the greatest temper-

attire lapse rate, there should be a number of days in any

season when AV < -5 rn/s would be directed toward all heavily

inhabited directions. Fortunately, prevailing daytime winds in

Albuquerque are from the south through northwest so that most

of the city is frequently upwind of both firing sites.

Maximum Yield Estimates

It appears that 4-ton (3.6-mg) HE surface bursts in Lurance

Canyon and 5.8 Mg (6.4-ton) HE at Thunder Range could be fired
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'TANLA I. Explosion Yields for Very Gd Corditions (Av < -Sin/s)

WUPAC CANYON fTfl RANGE

Four Hills Carnuel So. NM-10 Eour Hills La Blvd Isleta Blvd

CRITERIA 8.1 km 6 9 km 4.0 km 7.5 km 11.1 km 14.8 km

MODMRATE NOISE (< 100 Pa, 420 m/kg/ 3 )

Free Air Burst

Max W (kg) 7173 4434 864 11572 18460 43756

Min Ht (m) 179 152 88 209 245 326

Surface Burst

Max W (kg) 3587 2217 432 5786 9230 21878

( Max Ht (m) 18 16 9 21 25 33

Optimum OB

Max W (kg) 1281 792 154 2066 3296 7814

Opt Ht (m) 43 37 21 51 59 79

Daige Threshold (400 Pa, 165 t/kgl/3 )

FAB W (Mg) 118 73 14 190 304 722

Sfc W (Mg) 59 37 7 95 152 361

Opt HOEWw (Mg) 21 13 3 34 54 129

Audibility Threshold (20 Pa, 1.1 1iV•kgl/ 3 )IFM W (kg) 399 247 48 644 1028 2436

Sfc W (kg) 200 123 24 322 514 1218

Opt H W (kg) 71 44 9 115 183 435
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under select weather conditions. This conclusion is in accord

with historical experience, except for those few occasions when )
peculiar and unsuspected local weather influences caused trouble.

Conceivably, even 59 Mg HE could be fired in Lurance Canyon

without actual damage in Four Hills. Until mountain shadow

effects are better understood, however, this yield would appear

to hazard the whole Tijeras Canyon and NM-10 South region.

Such large and expensive tests would be better conducted at a

larger test range.

WEATHER WATCH & PREDICTION PROCEDURES

Outline

When an explosion test is planned to exceed yield limits

shown in Table I, a weather watch and airblast prediction is

required to assure that propagations will not unduly disturb

the community. The recommended evaluation procedure follows *4

the chronological order of occurrences:

. Source definition

• Propagation conditions

• Target effects assessment

Calculation forms have been provided for test operator use,

along with various useful conversion tables and nomographs.

Source Definition

Equivalent yield was probably already determined in reaching

a decision that detailed weather-dependent predictions were

needed. Nevertheless, this source strength should be system-
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It• atically determined by following the steps of Table III. Air-

blast equivalent yield factors for common chemical explosives

are available from several sources. An HOB yield enhancement

factor should be estimated from the curve shown earlier in

Figure 4. Results, in Lines 11-13, provide three points for

plotting a standard pressure-distance curve for the indicated

explosion.

Rather than attempting to reconstruct a yield-scaled family

of propagation curves for various weather conditions, a background

amplitude-distance pattern for 1 kg HE is shown in Figure 9 for

use with a clear plastic overlay copy of Figure 10. The index

arrow (at 1000 m or 1 km) is aligned under the overlaid distance

scale at the kilometre distance given on Line 14 of Table III.

This procedure, involving yield-scaling of distances, allows

rapid evaluation for critical targets and weather threats, from

a given explosion.

When the overlay has been aligned, the result shows the

various weather-dependent propagation curves, with yield-scaled

distances along the abscissa marked by ranges to specific local

targets. Intersections of target distance lines (verticals)

and propagation curves are used to establish limits on weather

conditions to avoid exceeding pre-determined damage, noise, or

audibility.

A number of notable incidents or test results have been

shown by points on the Figure 9 background. Several incidents

appear to show extreme propagations that exceeded results
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obtained in experiments. As such, they indicate what could

happen but not what might be expected to happen in a given

situation. Except for the case shown by Point #10, extreme

propagations appear to be bounded by the dashed line shown

near 7X focus factor. In. complex propagating conditions,

either with a dog-leg sound velocity structure or near AV = 0,

and a yield that could conceivably cause damage to the commun-

ity, a test delay should be recommended to await better

weather. On the other hand, it may be necessary to proceed

and fire some complicated or costly test explosions, with

the remote chance of adverse response, even when the "Extreme"

line is slightly exceeded. But if the amplitude of the

exceedance is by about 50 percent or so, then there arises a

real probability of injury caused by breaking or falling

glass in any substantial population.

Well above the damage threshold level, and around 3 kPa

overpressure (not amplitude), flying glass would have such

density and velocity as to seriously threaten the safety of

every resident [Ill. This point is stressed here because there

is a lingering remnant of misguided opinion that nearly 0.5-psi

(3.5 kPa) is needed "to cause minor damage to the flimsiest

structures." This conclusion, apparently originated by World

War II bomb damage assessors and relevant only to the maintenance

of building structural functions in war production, is still

occasionally repeated with respect to sonic booms and mining

activities [131.
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Along similar lines, some obsolete analyses indicated 100X

amplitude focusing potentials for atmospheric propagation [14).

All attempts to pin down the source data for this contention

have been futile, but some clues have been obtained. Early

(pre-1950) laboratory experiments made overpressure-distance

measurements with small HE charges that showed Ap R-1.4,

rather than Ap- R-lol as now estimated for "standard" long

range propagation. Similar rapid pressure-distance decays

were later obtained from 0.4 g HE experiments (15). Measure-

ments at very long range from much larger explosions were

apparently used to infer large magnification (referenced to

the more rapid distance decay rate) in caustic zones. Refer-

ences to the new standard, however, should bring these ampli-

fications down to or below the "Extreme" level shown in

Figure 9.

Weather Observations and Calculations

Having established the explosion source strength and its

potential for propagating unacceptable airblast amplitudes into

some part of the surrounding community, the next step is to

determine actual (or forecast) weather conditions and their

capacity for causing airblast enhancements of unacceptable

magnitude in critical directions. Surface and upper air obser-

vations of temperature and winds, as needed for this assessment,

are entered in Table IV.

It is assumed that no humidity correction is needed for
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sound speed calculation in dry Albuquerque air. Altitude,

temperature, and wind reports are entered directly from provided

surface weather observation (zero level) and upper air balloon

rawinsonde reports. Airblast propagation is usually dominated

by the atmospheric layer of depth less than about one-fifth,

possibly one-fourth, of the horizontal distance of concern.

Most concerns with Albuquerque and Coyote Canyon tests thus

involve only about 3 km of atmosphere up to 4.5 km MSL, and

typically the first seven levels of a winds-aloft report.

Space is provided in the table for ten balloon data levels,

should further information be desired.

Sound speed in air, C, may be calculated from absolute

temperature, T in kelvins, by

C = 20.0555 T1 / 2 m/s,

or read from prepared tables.

Selection of azimuthal directions for evaluation depends on

target locations and directions as well as wind direction. One

calculation should be made down-wind from the strongest wind in

the lower two or three rawinsonde levels. Experience is useful

in determining the fewest directional calculations that are

necessary to establish the existence of a propagation problem.

The directed wind component, U, along azimuth, 0, is resolved

from the reported wind speed, W, and direction, D. Note that

meteorological observing practice is to report winds according

to the direction from which the wind blows. This convention, a
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reversal from usual vector description, is defended to allow

allusion to "cold north" and "warm south" winds, rather than

vice versa.

Space is provided for analysis along four azimuthal bearings.

Directed sound velocity at each level is obtained by simple

addition of the directed wind component and sound speed. Sound

velocity difference is obtained by subtracting the zero-level

(surface) directed velocity from the upper level directed

velocity. Difference curves are next plotted versus height on

Figure 11. The apparent curve structure and, where applicable,

the magnitude of the maximum boundary layer sound velocity

difference provide the input to a propagation prediction from

the yield-adjusted Figure 9/10 overlay.

Community Impact

Evaluation for community impact from the specified explosion

and weather condition may be systematized by use of Table V.

Values for the airblast assessment are read from the yield-

adjusted Figure 9/10 overlay. The weather check, for complex

structures as well as inversion or gradient intensities, is

made from the directional curves drawn on Figure 11. YES-NO

conclusions on acceptaility are entered as appropriate, along

with any remarks.
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FOR THE CONTAMINATED WASTE PROCESSOR
FOR INCINERATION OF EXPLOSIVES CONTAMINATED

WASTE

SBY

SOLtIM S. W. KWAK, Ph.D.
AMMUNITION EQUIPMENT DIRECIORATE, TOOELE AI14Y DEPOT, UTAH

"C' •€ INTRODUCTION

The purpose of this paper is to provide an update on the

development, installation, and performance of the Contaminated Waste
Processor (CWP), which was introduced during the developmental phase in

a paper presented at the nineteenth Explosives Safety seminar in 1980

at Los Angeles, California. 1

Four systems are nearing completion, at Badger Army Ammunition

Plant (AAP), Iowa AAP, Sunflower AAP, and Kansas AAPo Incineration
tests for compliance with air emission standards have been successfully

completed at Iowa AAP. Final equipment test and shakedown is ongoing
&: at the four locations prior to turning the systems over to the

installations.
BACKGROUND

During normal operations of Army ammunition plants and depots,

considerable waste is generated that is contaminated, or is suspected
of being contaminated with propellants or explosives. In addition,
metals which are contaminated with explosives cannot be disposed of
unless they are first flashed. Previously, the burning of such wastes

and flashing of metals was accomplished on open burning grounds.
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The Clean Air Act and Resource Conservation and Recovery Act have

resulted in restrictions in the open burning of such materials. )
In response to the Army's search for an environmentally acceptable

method of disposal of these materials, AED proposed that a modification

to the Army's Standard APE 2048 Flashing Furnace would provide a system

that could meet present and future air quality requirements. Under
tasking by DARCOI, AED conducted a feasibility study which showed that

a modified APE 2048 had excellent combustion characteristics which

could meet all future requirements. The system concept was developed

and named the Contaminated Waste Processor (CWP).

The Corps of Engineers, Huntsville Division, named AED at Tooele

Army Depot to be the "Center of Technology" for design, development
and installation of the CWP equipment.

SYSTEM DESCRIPTION

The CWP consists of three main subsystems with associated 4

controls:
(1) The carbottom furnace

(2) The air pollution control system
(3) The feed system(s)

NOTE: There are two sizes of CUP. The CWP Large Unit (CWPLU) has two

feed systems, batch and continuous feed. The CbdP Small Unit (CWPSU)

has only one feed system, a batch feed.

The facility layout for the CWPLU and CWPSU is depicted in the
artist's concepts in Figures 1, 2 and 3.

For the CWPtU, the waste material is dumped into the loading area
where it can be loaded Into baskets for batch feeding or it can be fed

onto the conveyor for continuous feeding (See Figure 4). In the
continuous feed system, materials are shredded in a low speed, high

energ shredder to reduce size of materials. Shredded material is
conveyed from the shredder to the furnace on an S-Conveyor and dumped
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into the furnace through a double sliding valve (See Figures 6 and 6).

During operations, should an explosion occur in the furnace or the

shredder, personnel in the control and loading room are protected from
primary fragments by reinforced concrete walls located by the furnace

and shredder, and from secondary fragments by a steel barricade wall

which separates the control and loading room from the rest of the

building. The barricades are sized to protect against an explosion of

up to 1 lb. of explosive. The feed system for the CWPSU consists of a

batch loading system only.

The furnace for both the CWPLU and CWPSU is a carbottom furnace

lined with ceramic fiber insulation. The only difference is in the

size of the furnace. Both furnaces have a large and small burner, and

automatically controlled air injection ports to control and optimize

combustion of the waste materials.

Baskets loaded with waste materials are transported by an overhead

automated trolley system and are fed into the furnace by placing the

basket on the furnace car bottom and running It into the furnace (See

Figure 7). Shredded material fed continuously into the furnace through

A: the double sliding valves into the top of the furnace falls into a

basket on the car bottom inside the furnace which facilitates

subsequent removal of ashes (See Figure 8).

The CWP is designed to incinerate 600 lbs/hour of combustible
waste when batch loaded, and is expected to incinerate 800-1000

lbs/hour of waste when operated with continuous feed. Approximately

10,000 lbs/hour of metal can also be flashed in the furnace. In actual

operation, flashing of metal could be accomplished most efficiently

by mixing it with combustible waste materials.

The CWP air pollution control system consists of a gas cooler,

cyclone, baghouse, exhaust fan and exhaust stack. Exhaust gases from

the furnace exit at temperatures up to 16000F. They are cooled to

approximately 9000F with dilution air before entering the gas cooler,

where they are further cooled to approximately 2500F. Exhaust gases
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next pass through the cyclone to remove particulate down to
approximately the 30 micron size and then pass through the baghouse
where particulate removal down to the 0.5 micron size is achieved.
Cleaned exhaust gases then pass through the exhaust fan and out the

exhaust stack.

CWP PROJECT STATUS

The CWP at Iowa MP was the first system to come on line. Air

compllance tests have been successfully completed on the furnace at
Iowa AAP with the support of US Army Environmental Hygiene Agency.

Iowa State air quality compliance officials were present at the test

and were satisfied that the furnace operates within their standards.
Preliminary data resulting from the air sampling are summarized in

Figure 9.

Since the CWP at Iowa AAP is the first system to be constructed,

it is essentially the pilot system. Some mechanical and electrical
adjustments and corrections are in process and will be completed before

the system can be totally turned over to the installation. System
checkout and training will continue at Badger AAP, Sunflower AAP and
Kansas AAP for the next few months prior to turning the systems over to
the installations.

Four additional systems are presently in various stages of

construction at Lexington-Blue Grass Depot Activity, Tooele Army Depot,

Savanna Depot Activity, and Mississippi AAP. Equiptlent installation is
scheduled to begin in the spring of 1983.

CONCLUSION

The CWP is proving to be an effective system for disposal of

explosive contaminated wastes in compliance with state and federal air

emission standards.
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1r: Mlnutes of the Nineteenth Explosives Safety SEminar, Volume 11, Page1

983, article entitled, NContaminated Waste Processor," by Darrell W.

Walker, P'hD.
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FIGURE 7 -OVERHEAD TROLLEY WITH WASTE
BASKET 214
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IOWA STATE AIPR QUALITY STANDARD 0.35 GRAINS/SCF

TEST DATA*

RUN NO. 1 - 0.161 Grains/3CF

RUN NO. 2 - 0.116 Grains/SCI

RUN NO. 3 - 0.060 Grains/SZF

*All data corrected to 12% C02

i

lI

nIGURE 9
PRELIMINARY AIR QUALITY TEST DATA

IOWA AM- CWP
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FIGURE IU - tURNER END OF CAR BOTTOM 1Futwft'"

WITH EXHAUST STACK FOR FURNACE START UP, AND 21
DILUTION AIR DA14PER21



FIGURE 11 -CWP GAS COOLER 218
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FIGURE 12 - CWP CYCLONE 219
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FIGURE 13 -CWP BAGHOUSE 220



II :

II
- -l --'4*-



kv.-4

222



i ~,:+\

~ INDUSTRIAL ROBOTS
PRESENT STATE OF DEVELOPMENT
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DIRECTORATE FOR AMMUNITION EQUIPMENT
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The Directorate for Ammunition Equipment (D/AE) was tasked in FY 81 to

research the latest developments in robotics for potential applications of

the Arcy's ammunition demilitarization and renovation lines.

This report discusses the present state of the art in robotics and

covers in detail three major manufacturers of robots that this office has

used in actual applications or has extensively evaluated for use in other

applications.
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INTRODUCTION

In the past ten years the Directorate for Ammunition Equipment (D/AE)

has been instrumental in the use of robots on ammunition related projects

where this type of automation has been benefical in either increasing the

productivity or safety of a particular process. D/AE's first experience with

automation began in the late 1960's when an industrial robot was used to

download an M34 cluster bomb on the chemical agent filled bomb

demilitarization program at Rocky Mountain Arsenal. Other experience has

included use of an industrial robot to load and unload three detracer

machines on a 40mm ammunition renovation line at Tooele Army Depot; and

assignment as consultant to HQ ARRCOM for the installation of three large ton

capacity robots at the Western Area Demil Facility (WADF) in Hawthorne,

Nevada. These uses were not unconventional and placed robots in the common

role of handling and transferring of material items. The items to be handled

were mechanically delivered to an exact position where the robot then checked

input signals supplied by interfaced equipment. It would then load and

unload the machine it serviced and keep checks on the important parameters.

The basic roboti'were purchased from commercial companies but the

engineering to design the tooling used to handle the item, the controls to

interface with the external machinery, the delivery system to supply the

items to the delivery point, and in some cases the modification of the

internal robot control, toallow it control features that it did not contain,

were all done by D/AE.

The resultant hands-on design of system application gives D/AE a unique

status among government agencies of having experience in a field where others

have had little exposure.
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TECHItICAL DISCUSSION_

Industrial Robot

A definition here is required to help accurately define what constitutes

an industrial robot. These robots have often been classified as a type of an
industrial manipulator. The term industrial manipulator helps to dissolve

media-induced visions of a metal machine with human like abilities.

A connon industrial standard unit will usually consist of a mechanical

arm, hydraulically, electric servo, or pnpumatically powered with three main

axes of travel; horizontal, swing and vertical. On the end of this

mechanical arm is a wrist to which the user designs the tooling or hand to

manipulate the item. This wrist may also contain several axes of movement to

assist the tooling to obtain the correct position. Each additional axis

results in an additional degree of frecdom. Some units may contain upwards

of six degrees of freedom in a three' dimension plane. The movement of the

mechanical arm is programmed on a point to point basis or a continous basis -*•

as in some welding applications. Feed back is generated by sensors mounted

on the arm, wrist and tooling which determines where the mechanical arm

moves. These signals are than fed to an internal controller which directs

the arm to the next position.

Initially the user must supply the program to control the path of the

robot. Many methods to program are used. Some havy the operator take the

mechanical arm and physically pull it through the path it must travel. The

taught direction is retained on the memory system of the robot and repeated

with great accuracy. This is done on many welding robots.

Another type of program system uses commnand potentiometers which set the

location of the robot according to a voltage level defining a point in space.

A potentiometer is, of course, required for each point of each degree of

freedom. This older analogy system can in complex programs require the use

of hundreds of voltage settings and can become impractical. The most
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F
co.r-iorly used method today is accomiplished by r*eans of a teach control unit.

1 It is used as follows:

The progranmer switches the controls to a tedch mode and directs the

mechanical arm under very low speed to the desired position by pushing the

variout controls of the teach control unit which move the arm one axis at a

time up and down, in or out, etc. Once the position is reached, the

progranmier then pushes the record button and that position is placed in the

memory of the controls. Once all the positions of the operations have been

recorded in memory, the robot will continue to' follow these programmed

instructions when directed through the sequence by its controller.

Factors to Consider Before Selecting a Robot

The robot is usually provided with a limited number of inputs which are

used to monitor external functions of other equipment. Outputs are also

available for the robot to energize as required. These outputs may, for

example, be used on the conveyor system to deliver the item to the pickup

area or to signal machinery that an operation has been completed. As

discussed previously the amount of these input or output functions is both
limited and basic in nature. Careful engineering is a must before any

judgement feasibility of an application can be made. Below is a list of some

facts to consider.

1. Draw or sketch the part to be handled to determine tooling

required. Basic grippers can be purchased from the manufacturer but most

applications will require some design by the user.

2. Determine ;.achinery interferences, access openings, cylinder

strokes, tooling clearances etc.

3. A floor plan layout of the area to scale or with dimensions is a

must to detail relationship of the machines, conveyors, electrical panels,

aisles, etc., to the robot.

A
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4. Sketch concept of delivery and take-away conveyors.

5. Review increased production rates by detennining how existing

process will be improved with the robot. Inter'face robot cycle time with

that of existing equipment. Try several approaches.

6. Consider the following facts about the part to be handled.

a. What is the material and weight of the part being handled.

b. If the part being handled is easily damaged what precautions

should be taken?

c. noes the part require orientation at all stations?

d. If the part is delivered on an existing system, what is its

height from the floor and distance from where the robot is to be installed?

Consider this point and all other pickup and set down positions.

e. Whdt progranued motions are required to load or unload the

machine or conveyor, etc?

f. How does the part get to the robot from the preceding operation

and can that system be automated to combine with the robot?

7. What type of environment will the robot have to operate in?

a. What is the ambient temperature?

b. Is the atmosphere corrosive, dry or humid, dirty, etc.?

Sen c. Do hazards exist which will require special construction for
" t Meeting such things as explosion proof ratings?
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8. Does the robot controller possess the ability to palletize? Can the
robot handle a different pickup or set down location in d before hand

preprogrammed order?

The above comments are somewhat general because they do not cover an

exact application; however, these are the types of facts which the user must

cover and study before the selection of the right industrial robot is made.

Status of Present State of Development

As noted in the last section's description, robots do not possess what

is known as artificial intelligence. They can not see nor can they feel and

evaluate conditions to make decisions in the normal sense. To make matters

more complex, they must also be setup to fit within a structured environment
with external items physically referenced to the robot's narrow internal

coordinate system. These limitations have not stopped robots, however, from

vastly increased production and accompanying reductions in operational costs.
Robots have found a position doing the repetitive, around the clock tasks,

that automation can produce without the boredom and fatigue associated with

the human worker.

L Although the United States has been the technology laader of robot

development, the Japanese have surpassed us by using three times the number

of robots working on actual assembly lines. The Robot Institute of America,

a technical society dedicated to the advancement of robotics technology,

lists some 39 U.S. robot companies along with 2 European and 4 Japanese
companies. There is also an annual conference and exposition sponsored by

the Society of Manufacturing Engineers each spring in Detroit, Michigan to
provide the opportunity to see the latest developments, both domestic and

foreign.

Three major U.S. manufacturers of industrial robots were selected to

supply information for this report. They are as follows:
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a. Unimation Inc
Shelter Rock Lane
Danbury, Connecticut IL)

b. Cincinnati Milacron Inc
Mason Road and Route 48
Lebanon, Ohio

c. Prab Conveyors, Inc/Robot Division
594412 Kilgove Road
Kalamazoo, Michigan

All have been the major suppliers of automated robot systems used in
U.S. automobile assembly lines and other heavy industrial application.
Somewhat disappointing is the fact that robot technology has not progressed
as fast as one would have expected. It has been only recently that the use
of computer systems have been incorporated for controls to expand the
decision capabilities of commercial industrial robots. The same mechanical
servo systems have been state of the art for years. The manufacturing
industry is very conservative and future research, done mostly by university 4

and private institutes of technology, awaits incorporation by the commercial ,
concerns. This means that the U.S. lead, unless past performance improves,
will continue to diminish.

DESCRIPTION OF SELECTED ROBOTS

Unimate Robots

Unimatlon Inc. has by far the largest share of todays robot market.
They manufacture several different models, from small mini types to larger
units that can lift upward of 450 pounds.

The small robot series 250, 500, 600, are constructed with a main boom
that is jointed. This feature supplies a greater degree of dexterity. Drive
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is accomiplished by use of DC servos Oihich are configured in five or six axes

depending on model purchased. Lift capabilities are two to five pounds, but

the small robots are designed to achieve accuracies of .004 inch and are used

for small intricate work. Control on these models is advertised as one of
the most advanced systems and uses the capabilities of a LSI 11 computer with

Unimate's Val language. This gives the user the great control flexibility

that many robots lack. The operator uses a detachable teach control to guide

the robot through its task pattern. Control for each individual axis Is

provided to allow the operator to move the manipulator into the exact

position.

Unimation's large robot series includes several models, but can be broken

down to the 2000 and 4000 series. Both robots are- similar but the 4000 can

lift about 150 pounds more and has a heavier duty wrist. Both use a sequence

step controller. f.emory is on magnetic core and can store up to 2049

position points. The units are hydraulically powered and can achieve

accuracies within .050 of an inch. A teach control is used to lead the arm

through each successive position and that position is then recorded in memory

for all five or six axes of movement as a program step. There are also a

limited number of input/output functions on the robot which will allow it to

receive signals from other machinery and contial conveyors, or other

machinery.

The advantages of the Unimate 2000 or 4000 are as follows:

a. Reliability- They have an established reputation among users for
continual operation with little or no downtime. Manufacturer claims better

than 98% uptime.

b. Programining - With the use of the hand held teach control

programming is very easy. The user has only to lead the unit through the

operation and record each point.

c. Unitized - The unit is self contained with everything including

hydraulics and controls within the main frame housing. This allows quick

installation and easy reinstallation when the robot is moved to be setup on

another process.
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The disadvantages are:

a. Dexterity - The series 1000,2000, and 4000 use a turret or radial 4

movement on the main am. This results in less working area since the main

arm can not retreat fully to the base and also sometimes results in

difficulty in maneuvering the tooling into tight areas. Unimate has added a

sixth axis model to help alleviate the problem but this then adds more size

to the wrist and reduces the load limits. About anytime that the radial arm

moves into a tight area not on the same horizontal level as the turret, this

problem will occur.

b. Robot Controller - These larger robots use a simple sequence control
which often causes t~he user to fight programming limitations. Jump or branch

type instructions are difficult to perform. If an operational function is to

be carried out repeatedly at many different locations within the total cycle

it must be programmed each time. The unit can not connect with other

computer interfaces or digital equipment at the level of intelligence

possible with computer controlled robots.

c. Servo Axis Control - There is no coordinated control of all axes

during the teach or automatic operational mode. Each of the five or six axes

move randomly when directed to a programmed point. This means that the arm

may move differently with changes in speed, etc, or that during teaching or

programming positions, each axes must be moved one at a time. Again, the

addition of a more powerful computer control has eliminated this problem in

other models.

Cincinnati Mlilacron Robots

One of the more modern units available today is built by Cincinnati

Mfilacron. This company is one of the leaders in the manufacture of numerical

controlled machining equipment. The manufacturing of robots started as a

side line, and although they only market one unit with two payload versions,

they sell almost as many units as Unimate.
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capacity. Control is accomplished by use of either a drum controller or a

new solid state sequence control. Post operating components are standard

industrial parts available from local suppliers. The value of the unit is

its economical price, high relibility and ease of repair. The draw backs are

that it is not suitable for most hazardous environments and does not have
much flexibility when control amounts to more than pick and place
operations.

Versatran Robots

Prab acquired the Versatran robot line from AMIF and now markets it along
with their basic model. The Versatran Model E was the first industrial

application of robotics by our D/AE office. At Rocky Mountain Arsenal the
Model E with the older basic analog controller was used to download and

transfer to process equipment a large stockpile of GB filled cluster bombs

for demil.

The physical construction of the Versatran robot is different both from

the Jointed main arm Cincinnati Milacron or the radial turret armed Unimate

and Prab.

A main frame consisting of a square base and a vertical column form the
robot. The boom or anm is mounted crosswise or horizontal to this column.

When in operation the arm can travel up and down the main column, swing
around 270, or extend in and out. Tooling is mounted on the end of the arm
which can supply up to three servo controlled degrees of freedom. This then
makes up a total of six axes of movement. Versatran also uses a seventh

servo on a traverse base to allow the robot the ability to move between work
stations.

Experience from use of the Versatran line has revealed the following.

The mechanical configuration of the design supplies good dexterity in moving
in and out of tight areas with the tooling. It does not have the drawbacks

of the turret radial design. Rear clearance behind the robot must be allowed
for because the arm will project out the back when moved In toward
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The T3 and heavier version HT3 use a Jointed mechanical arm which it

articulated to move in all six axes. The physical configuration of this
Jointed arm enlarges the working volume while increasing the dexterity.

Payload capability is 175 pounds for the T3 and 250 pounds for the heavy duty
HT3.

What makes this unit popular is the great flexibility it derives from a

computer control. This company was one of the first to develop a strong
computer software base to aid in robot control and in turn reduced much of
the limitation of the more basic models.

A hand held teaching control is still used to guide the robot to the

various positions. Positions are then recorded and stored in computer memory
and can easily be modified or edited. The control console which houses the

computer is equipped with a CRT to provide visional program readout. Each

programned point is displayed as X, Y and Z coordinates in space. Velocity;,,
acceleration, input, output designation and other control status are

displayed on the tube on a real time basis. Such tasks as programming
randomly sequenced operations and interfacing between larger computer
controlled processes and external equipment are all made easier because of
the versatility of a computer aided robot.

A disadvantage of the T3 and HT3 robots are that they were not designed
for quick reinstallation and are not unitized. The control console is

separate as are the power distribution panel and hydraulic pump. If the
robot were to be used in an explosive hazardous location much of this
equipment would have to be installed remotely in a control room or utility

area. This prevented the use of these units on our applications because we
were installing equipment in existing older buildings.

Prab Conveyors Inc/Robot Division Robots

Prab's robot is much like the Unimate models 1000,2000 and 4000 in

physical construction. The arm rotates on a radial turret. Four models are
built around this design and vary only in reach and weight handling
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the base. However, control of the robots have been modernized with the

introduction of the series 600 computer control. Although Versatran has used

the same LSI/11/02 computer as has the MHlacron robot they do not offer as

many options. This is a result of the executive program in the coiputer.
The user is free to write his own program if they do not fit the application

or he can have Versatran engineers work with him.

Versatran robots are not unitized.

CONCLUSION

This report has been compiled for our own use or other parties which may
be considering the use of robotics. Presently the design, building and

marketing of robots is increasing rapidly. Because of this increase it is
not possible to become knowledgeable with all robotic systems manufactured

today. Major companies such as General Electric, Texas Instrument and IBM

have invested large amounts of capital and have announced plans to market

- their own robot lines. The Japanese are making the majority of their own
robots and these are now appearing in increasing numbers on the U.S. market.

Older U.S. manufacturers which have controlled what was available on the

market will soon be faced with fierce competition. However this will then
result in better, more powerful robots as new technology is applied to gain

advantage in sales.

Robots which were evaluated in this report were units on which we had
formed opinions, either from actual industrial application or through study
of the units for consideration in applications. A working hands-on

knowledge was therefore gained both of the advantages and disadvantages of

these models.

Future models of these robots will be caught up in rapid technological

advances, making the conclusion of this report valid only for a short period
of time. For example, Unimate will soon have a computer control system for

their larger units and many of the criticisms of axis coordination and

programing will be negated.
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For the government to increase the productivity of its labor intensive
manufacturing, renovation, and demil plants, a serious effort and investment )of capital will need to be made toward the use of more robotic systems. Past
experience has demonstrated, that where an application has been properly
engineered, the investment has been paid back in a very short period.
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BARRICADE/SHIELD TESTING

NEW THINKING ON HEAT FLUX REQUIREMENTS

BY JERRY MILLER, P.E.

AMMUNITION EQUIPMENT DIRECTORATE

TOQELE ARMY DEPOT

C ~ In 1976 MIL-STO 398 was published to help standardize on the criteria

which must be met to properly protect an operator. As it states in the

"Foreword" of this publication dated 5 Nov 1976)

i/. "This standard defines the minimum criteria necessary to design
an operational shield which will protect personnel and assets from thermal,
pressure and fragmentation hazards resulting from an accidental or
Intentional detonation of ammunition or explosives, and identifies methods
for testing prototype operational shields to assess the degree to which they
meet the protection criteria specified ,

.r.t.er..a.--ide-ntified in ths standard are recognized as

providing an environment that affords adequate protection for personnel and
assets."

Besides the area of overpressure, which is well documented and has transducers

which can follow fast response pressure waves, the less defined and established

area of heat flux was addressedrW

It states in Section 4.1.3 at:

(a) "Shields shall be designed to limit exposure of personnel to a
critical heat flux value based on the total time of exposure. This value of heat
flux is determined by 7-t following equation:

0 a 0.62 t-" where
0 a heat flux in cal/cm2 -sec
t total time in seconds that a person is exposed to the radiant

heat."

The equation was developed by plotting published heat flux data on log

paper and establishing a best fit curve to this data. Further research
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seems to indicate that the exponent in the equation ought to be 0.75

instead of 0.7423. Also, the safe heat flux level is based upon a pulse in

the form of a square wave.

(b) "All operating personnel shall be located at a distance from
the shield that assures their exposure is less than the flux determined by
the above equation.

(c) The upper torso of an operator's body shall not be subjected
to any visible fire or flame. Flame impingement upon the lower portion of
the body may be permitted provided that the heat flux specified above is not
exceeded."

A point of interest is that a former Ammunition Equipment Directorate

(AED) engineer, Mr. K.T. Smith, was involved in the preparation of the heat

flux section of the standard. In conjunction with his research, tests were

performed at AED on various types of heat flux sensors under varying

conditions.

As can be seen from the following film, there is concern for an

operator's protection from the heat produced during a detonation/incident

within a protective barricade. The first film shows what happens when M30

propellant is ignited inside an Ammunition Peculiar Equipment (APE) 1001

barricade. Since that date in 1979, much work has been done to reduce this

heat problem to a minimum and there is now a fast response deluge system

which suppresses the fire very quickly (in the order of 20-50 milliseconds).

The next sequence of film shows the test results on an APE 1202

operational shield. This shield evolved from an open back style to a total

contairtment version while trying to meet the other safety criteria defined

in MIL-STD-398. With a semicircular rear door added to the shield, the main

areas where flame and heat can escape are around the rear door enclosure

attachment mechanisms and around and over the turntable. Within the shield

an internal barricade was designed to mostly enclose the turntable.

Baffling was added to the turntable, and the gapping between the turntable

and shield was reduced to a minimum. After these modifications the film

shows that a detonation spray can still be seen coming out into the operator

area at approximately chest height.
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Sow, of the first wov~k dcn' itn, barricade totting centered around the
testing of several types of heat flux sensors to determine the best for

this application. These wer-e the Gardon gage, Schmidt-Boelter and the

platinum film gage. The platinum filmt gage was eliminated -arly in the

testing because of problems with demaae rusceptability, in calibrating, and

filtering. The Gardon gage wes supposed ro have a faster response than the

Schmidt-Boelter, but it was easily damaged during a detonation from the

generated overpressure. Theeefore, the Schmidt-Beelter- gage appeared to

best suit nur requirements in measurinC Lea•L flux; bt't we knew it was

limited due to its slow response.

Another concern, with any type transducer (gage, meter, etc.) is that

because of the electrical noisy environment in which data is obtained, the

transducer output mue;t. e in mi(llivolts or lavger. In no way could

microvolts be measured with any certainty.

In 1980 Wh. Richard Ulrich, from the Brigham Young University was

contracted to help lock Gt concerns with the heat flux gages and the heat
flux criteria as identified in MIL-STD-398. He is- presently in the process

of finalizing a report on certain aspects of his study to date.

Lets now look at the characteristics of the two gage types which seem

to most adequately fit our requirements, •ie Gardon anu Schmidt-Buelter. It

must be realized that other names ,night be used to describe these types

gages such as unidirectional, asymptotic, pyrne!iometers, radiometers, etc.

A discussion of the characteristics w-11 eliminate possible misunderstanding

of these designs.

In ooth types of sensors, heat flux is absorbed at the sensor surface

and is transferred to an internal heat sink which remains at a temperature

below that of the sensor surface. The difference in temperature between two

points along the pathi of the heat flow from the temperature to the sink is

proportional to the heat being transferred and therefore proportional to the

heat flux being absorbed. At two such points, these transducers have

thermocouple Junctions which form a differential thermoelectric circuit

providing a self-generated eif between the two output leads directly

proportional to the heat transfer rate. No reference junction is needed.

Gardon gages, Figure 1, absorb heat in 3 n,•I metallic circular foil
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and transfer the heat radially (parallel to the absorbing surface) to the
heat sink attached to the periphery of the foil; the difference in

temperature is taken between the center and edge of the foil.

Schmidt-Boelter gages, Figure 2, absorb the heat at one surface an4

transfer the heat in a direction normal to the absorbing surface; the

difference in temperature is taken between the surface and a plane beneath

the surface.

Both types are designed for operation in steady state and only then is

there a direct proportional relationship between the measured temperature
(or emf) and absorbed heat flux. Both types can be built having a "time

constant" of as low as a few tens of milliseconds, say 40-80 milliseconds.

However, the concept "time constant" has well-defined meaning only for first

order systems and represents the time for a first order system to respond 63
percent to a step input. The path of the response curve is a well-defined

exponential decay (or rise) from an initial to a steady state value and; if
the time given (in number of time constants) is known, the response state is

well known. However, neither type of heat flux gage can be well represented
by a time constant since they can not be physically modeled accurately by a

first order model. Of course the time for 63 percent response to a step

input can be measured, but the response curve is not well represented by a

single exponential equation. Because manufacturers often describe the
response time by giving "time constants" that term will be used in this

report.

The curve in Figure 3 shows a typical heat flux gage response from a

particular barricade test. This response was produced by a Schmtidt-Boelter

type gage (a Medtherm 64 Series) having a "time constant" of about 55

milliseconds. First, assume that the heat flux versus time curve can be

taken at its face value; that is, assume that the results are accurate.

Does this particular curve satisfy the MIL-STD-398 equation?

0 < 0.62t -"7423

The obvious question is "what time should be used?" The film for this

test show some visible effect for four to six milliseconds so the actual
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time is probably some place between 5 anA 700 milliseconds, a very wide

range indeed.

The equation was developed from an extrapolation of rectangular wave

shapes of heat flux versus time. The times were all longer than one second.

Maybe, for these relatively short times, the integral of heat flux - time

would make more sense as a limiting criteria.

Another problem arises due to the transient nature of the heat flux

pulse when the gage is designed and calibrated for steady state use.

Folhowing is a discussion of the steps taken to understand and explain the

data observed in Figure 3.

Schmidt-Boelter type heat flux gages are basically a many junction

thermopile wrapped in series around a mandrel. This unit is mounted between

plastic protectors and the entire system is mounted in a copper heat sink.

The manufacturer is never sure of (exact) dimensions of the particular

plastic layers so they need to calibrate each heat flux gage. The heat flux

is indicated by the sum of voltage from the thermopile as the heat flows

"from the surface to t4e heat sink, since (I - kAT , for steady state

ax
operation. However, for unsteady state some energy is stored in various

parts of the heat flux gage. This system was then modeled as shown in

Figure 4, a node for the surface plastic, a node for the wire on top, a node

for the mandrel, a node for wire on the bottom, a node for the plastic on

the bottom and, a node for the heat sink. These nodes (or capacitors in the

electrical analogy) are connected by resistors or conduction elements. For

this system, a computer program was developed using estimated values for

thicknesses and tnermal properties, which would be modified to allow lar

matching computer output with field results.

This program is really two programs, or two phases in solving the

specific problem. The first part solves the problem "given an unsteady
input heat flux, what is the output, or indicated heat flux?" This program

was developed anti "calibrated". "Calibration" means that the parameters

were chosen so the computer output matched the heat flux gage output for

some known inputs. This demonstrated that the computer model fit of the

physical model was adequate.

Having a good computer model then allowed for an inverse approach
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program to be developed. That is "given the output from a heat flux gage

during an unsteady operation, what was the input heat flux?" This was again

used on some cases where the input and output were known and presented a

good, if complex, result.
This program was then used on some real data from a barracade test and j,

the result was that the calculated heat flux was about 50 percent greater

than that indicated by the gage. The results are shown in Figure 5. No

general rules of thumb were developed for estimating actual heat flux from

indicated heat flux.

Another modeling and analysis technique was done to develop a method

for interpreting data from unsteady usage from steady state calibrations of
heat flux gages. It was done (in ME 542 Advanced Heat Transfer Design)

under the direction of Dr. Ulrich by Max Howell and Brent Woodland. The

heat flux step inputs were of small duration in comparison to the time

constant of the gage.

The computer model again used resistors and capacitors to try to

duplicate the response characteristics of a particular heat flux gage. A

second computer program was written that would "back out" the step input

given a typical response curve.

The computer programs, were then used to predict the actual input from

a particular response curve. It was observed that the heat fluxes obtained
from an APE 1202 barricade test probably passed the gage in two waves, a

radiation pulse and a convection pulse. It was also seen that the maximum

heat flux from the explosion was between four and seven times the indicated

heat flux.

The heat flux gage was modeled as A 3 lump capacitance system as shown

in Figure 6. The solutions to the three simultaneous differential equations

indicated the Node Temperatures as a function of time. The three equations

are:

dT2  (Ti - T.T3)

C1  R1 R2

dT3 = T (TL2,• - T3 T3 T4)

C2  R2 R3
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SdT4 -d_ (T_ - T4 - 4 TS)

4 C3 R3 R4

Using this as an iterative model, time response curves were generated. By

non-dimensionalizing the model output, the model could be geometrically

adjusted to match the time response curve of the real gage. Figure 7 shows

how closely the computer model matches the real gage response to a step

input.

Assuming that the model is correct, it could be used to simulate

various response characteristics that would be expected from the real gage.

As long as both the model and the real gage data are in non-dimensionalized

form, the response of the gage will always be the same. This being the

case, the slope at a point on any reasonably smooth curve will correspond to

a fraction of the steady state value. Figure 8 shows an example. This

implies that for a general curve the instantaneous steady state value can be

approximated since the ratio of the temperature difference to the steady

state temperature difference is an instantaneous constant (h), where

ess

Using a non-dimensional model, a computer program was written which

matched the slope of a particular output with the corresponding slope on the

model. That slope identified what fraction of the steady state input the

gage had attained. This process was repeated for numerous points along the

output curve.

To test the accuracy of this technique, the model's response to several

types of known inputs was generated. The slope-height technique was then

applied to these response curves to see if it could accurately predict the

input. Figure 9a is the model response to intermittent step waves of equal

magnitude. It can be seen that the past history of the response does affect

the current gage response. Figure 9b also shows that some error exists in

the technique. This error could be compensated for, if necessary; however,

for a single pulse this compensation is not needed. Figure 10 shows how the
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computer program handled step inputs of varying magnitude.
Figure 11 shows how accurately the program was able to predict a single

pulse square wave. The error in this prediction was very small.
The actual heat flux for a hand-grenade explosion in an APE 1202

barricade was predicted from test data. Figure 12a shows the data with time
in milliseconds and the heat flux indicated (after smoothing) as a fraction

of the calibrated flux on the gage (0.44 cal/cm sec). Figure 12b shows what
the actual heat flux was predicted to be. It can be seen that the maximum

heat flux is about seven times the flux indicated by the gage. This figure

also shows two distinct impulses to which the gage may have been exposed.

The two pulses shown in Figure 12b may be interpreted as radiation and

convection fluxes, respectively. This may be real since the pressure wave

takes longer to reach the gage than the initial radiant burst of energy. By
knowing the actual distance the gage was from the explosion, the beginning time

of this impulse could be calculated to verify the prediction.
Figure 13 shows interesting contrasts, if the input data is not taken

as a smooth pulse. This figure indicates that the maximum flux was only 4
times the gage value. This result seems to put the extremely high magnitude

of 7 times the gage value in question. Good judgment would seem to suggest that
the actual value is somewhere between the two. In other respects, this predicted

heat flux is quite similar to that shown in Figure 12.
This slope-height technique is one way to determine the actual heat flux

given the temperature-time response of a heat flux gage. This method does
have inherent errors that seem to multiply for multiple-step inputs.

However, for one or two pulses, it seems to do a very good job. For general
interpretation of data the technique appears to be satisfactory, since more

rigorous mathematical approaches are very laboriQus and time-consuming.

Another solution, to the problem of "given an indicated heat flux, what
was the source heat flux?" was developed. This slope method is based on the

idea that the response of the gage to a step input can be represented by a
single exponential rise curve and that the time constant for the instrument

is known. That is, assumeTc is good indicator of 1 lump, i.e.,'rcl<<

'c2 for pulses where pulse width < 1/4T cl.
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Then

aq qss (1-e 1 )`

and near time -0

-cjn ~ e qss qi
drr 1

Therefore, if we know' cl (measured or from the manufacturer) and

measurer
qi , then qss = i

( Thus, Figure 14, shows the step by step method of proceeding through

this technique.
This method shows some promise and is still being developed. It is

similar to the Howell-Woodland method, but much simpler to reduce data. All

three methods need refining but they all show promise.

Several tests were done at Tooele Army Depot, Tooele, Utah, where a

constant heat flux was impinged on the back of a large camera aperture. The

opening was fixed in size and the time setting was varied from 1/4 to 1/125

of a second. The heat flux gage was shaded by the shutter and exposed for 1

sec (to get the steady state reading) then In sequence 1/4, 1/8, 1/15, 1/30,

1/60 and 1/125 of a second. The areas of the response curves were measured

with a planimeter. These values were plotted versus time and the result was
a straight line going through the origin, as shown in Figure 15, indicating

that the total energy was registered by the heat flux gage, even if the
instant rate was not registered. This was also proven using the analytical

model.
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The next phases of our heat flux studies will include the following: • )
1. Test several different manufacturer's heat flux gage types and
models.

2. See if developed modeling techniques can be used on these sensors.

3. Perform statistical testing for more accurate evaluations of the
modeling techniques.

4. Establish rules of thumb if possible.

5. Study the temperature of the surface of skin for various generated
heat flux square waves to get Ts vs Qtotal (- qd i.

6. Do skin modeling and look at temperature rise of skin due to
generated square waves of heat flux.

7. Generate envelop of q vs T from energy, pressure, temperature,
volume, etc.

When we feel that we can adequately model the heat flux measurements,
we will present our findings to the U.S. Army Armament Command for review
and possible revision of the heat flux section of MIL-STD-398.

II
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INTRODUCTION

AýJ'mmunition Shearing originated in 1969 to aid in the demil of M125

bomblets. The success of that operation laid the ground work for more

testing and the development of new equipment. Shearing munitions has been

proven effective in reducing or eliminating high order detonations while

demilling sheared or punched ammunition items in a deactivation furnace.

Shearing has also been used to reduce the size of M55 and 1461 chemical

rockets by sectioning into seven sections. The sections can then be

demilled in a deactivation furnace. Ammunition shearing is a fast and

efficient method of expanding the capabilities of the APE 1236 Deactivation

Furnace.

HISTORY OF SHEARING

Early work with the operation of shearing munitions centered around the

demil of 4125 chemical bomblets. The bomblet burster contained .55 pounds

of tetryl, and was housed in the empty bomblet during the furnace de-mil.

Burning 82 bomblets without shearing the burster resulted it) 60% high order

detonations. A series of tests of different punching and shearing

techniques finally resulted in eliminating all high order detonations by

completely severing the burster by shearing.

Based on the results of the testing, it was felt that this technique

could possibly be used on other items to reduce or eliminate damaging high

order detonations in the deactivation furnace.

The next series of tests were conducted in 1971 on M1384 and 14406 40W

grenades. In these tests it was determined that complete severance of the

items was not required. Best results were obtained by merely stabbing the

projectile 5/8" deep to expose the filler. Burning tests indicated a 91%
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reduction in high order detonations. See Figures 1 and 2 for typical

results. Tests were then run using M26 Hand Grenades, M2lA4 boosters and

tM502 Artillery F booster with similar results. See Figures 3 through 7.

In 1975, design was begun on a pilot model production machine. The

machine employed a nylon block with a machined cavity, Figure 8, to insure

support and accurate placement of the shear tool. The machine, requiring a

7 step operation, would be controlled by a programmable controller, Figure

9. A single station machine was built and tested. A second station was

then added to increase the production rate to 8 rounds per minute. The two

station machine was then housed in an operational shield that had been

S1tested and proven acceptable under the requirements of Mil Std 398 for up

to 8 ounces of TNT.

4 Latest developments in shearing involve the sectioning of M55 and M61

chemical rockets into seven sections then destroying the sections in a

furnace. This equipment will be installed in the Chemical Agent Munitions

Demil System (CAMDS) at Tooele Army Depot.

The design has been completed on a three station, six cavity shearing, and

burning facility for Mississippi Arny Ammunition Plant, Figure 10. This

equipment will be used to destroy manufacturing line rejected M42/46

; grenades at a rate of 24 per minute.

PURPOSE OF SHEARING

There are three reasons for shearing munitions before demilling them

in the deactivation furnace. They are:

1-To reduce the number of high order detonations in the furnace.

2-To reduce the size of an item entering the furnace.

3-To allow lower operating temperatures in the deactivation furnace.
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FIGURE 1I 40MM GRENADES BURNED NOT PUNCHED
26 1,
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FIGURE 2 40MM GRENADES PUNCHED AND BURNED
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FIGURE 3 - 40MM GRENADE, M406 PUNCHED AND BURNED
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FIGURE 4 -M502 FUZE W/BOOSTER, SHEARED

FIGURE 5 -40MM GRENADEI M384 SHEARED
W 267'



FIGURE 6- M26 HAND GRENADE, PUNCHED.
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FIGURE 7 - M21A4 BOOSTER, SHEARED AND BURNED
I 269



FIGURE 8 - MUNITION HOLDING BLOCKS
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[FIGURE 9 PROGRAMMABLE CONTROLLER
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FIGURE 10 -3 STATION, 6 CAVITY SHEAR FACILITY
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High order detonations in the furnace can be very damaging,

particularly if they occur on a continuing basis. Not only is there risk

involved in blowing out the flame and allowing items to exit the furnace

that may not be completely demilled, but the equipment is subjected to

unnecessary strain. Though the retort can withstand a 2 to 3 pound

detonation, this occurance can cause bulges and/or cracking.

The overpressures created by detonations weaken and/or distort the

dampers in the air pollution control system. The production rate on items

known to detonate high order must be reduced to prntect the equipment.

Shearing or punching ammunition items will greatly reduce or eliminate

detonations by allowing the exposed explosive to ignite and burn before

pressures and temperatures reach the detonation stage. The production

rate can therefore be increased by punching or shearing the munition

I tem.

To insure demil of a detonating item in the center (heavy duty)

retorts, often the operating temperature must be increased. Since the bag

house in the Air Pollution Control System is limited in the temperature it

can withstand, the lower the temperature a furnace can operate at, the

better. High furnace temperatures also create problems by melting metal

such as aluminum and magnesium that are much more easily handled while in

a solid state. Exposing the explosive filler by shearing creates a

condition for igniting at lower t.mperatures; and the explosive burning is

a much more easily controlled method of demil.

Using a shear operation to reduce the size of an item increases the

usability of the deactivation furnace. In the case of the M55 and M61

rockets, the fuze, burster, rocket motor and igniter are all separated and

reduced to a size the furnace can handle, Figures 11 through 13. The
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FIGURE 12 - M61 ROCKET SECTIONS
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FIGURE 13 - SHEAR FIXTURE, M61 ROCKET
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rocket shipping container is 82" long and 5" diameter. The proposed

V shearing operation sections the rocket housed in the container into seven

sections that are easily handled by the furnace.

SHEARING ADVANTAGES

Exposing explosive filler or reducing the size of an item can be accomp-

lished in several ways including sawing, drilling, flycutting or disassembly.

Shearing has strong advantages over these other methods. Shearing is a

relatively fast operation as opposed to sawing, drilling or disassembly.

The shear operation can be accomplished utilizing a relatively simple

machine. The operation produces little or no metal chips and does not

require any form of coolant.

However, like other methods of exposing the explosive, shearing or

punching creates loose or powdered explosive that must be cleaned up

almost continually; and special problems are created in handling an item

containing exposed explosive.

DEVELOPMENT OF THE SHEAR PROCESS

Development of the shear process centers around maintaining less

energy input to the item than is required to detonate the explosive

filler. Several factors have bearing on this. They are:

1-Thickness of material to be penetrated.

2-Type of material to be penetrated.

3-Required size of the penetration.

4-Type of explosive being penetrated.

5-Type of penetration, i.e. round hole, triangular hole,

complete sectioning.
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Because of the many factors involved, each candidate must be

considered on a case by case basis.

Considerable effort has been made to determine the best possible

shear blade design. Though other designs may be better on items not yet

tested, generally the tool that has proven the most successful is a

single sided wedge shaped tool with the cutting edges sweeping back 300

from the point, Figure 14. Several designs have been tested including a

double sided tool, single, straight cutting edge tool, and single sided

rounded cutting edge tool. For punching the M42/46 grenades, a standard

round punch is used. The standard punch is ground to a slightly rounded

tip 3/8" in diameter. This tool is strong and most effective for

punching the grenade body and continuing on to deform the shaped charge

and expose the explosive.

Development of the shear process has not been without incident.

While searching for the optimum punching location on M42 grenades, 16

high order detonations resulted.

Tests of shearing the M61 rockets using a straight edged blade

resulted in ignition of the rocket motor. A single sided wedge shaped

tool with swept back cutting edges has proven the best in this case

al so.

CURRENT CAPABILITIES

Currently, the APE 2196 Munition Shear Machine, Figures 15 through

18, design can handle small munition items up to 3 inches by 3 inches by

8 inches in size. The operational shield has been proven affective in

protecting the operator against an 8 ounce TNT detonation of an offensive

grenade or a 5.89 ounce Comp B detonation of a fragmenting grenade.
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FIGURE 15 -APE 2196 MUNITIONS SHEAR MACHINE
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FIGURE 16 - SHEAR MACHINE ACCESS DOOR
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Accessory kits are available for shearing M26 grenades (without fuze),

M2lA4 boosters, M502 artillery fuzes with M21A4 boosters, M384 and M406

40MM grenades, and M42/46 shaped charge grenades.

As shearing can be used to reduce the size of an item, any item

that can be reduced to a six inch diameter and 22 inch length for

feeding into the furnace is a possible candidate for a shearing and

burning demil operation. The furnace is also limited in explosive

amount to 5 pounds per flight, which must be considered when shearing

large items for demil.

CONCLUSION

Shearing munitions for burning is a proven method of expanding the

deactivation furnace capability. Particularly where open air detonation

is limited, a shearing and burning operation could be utilized for

destruction of small and medium sized explosive filled items.
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NAVAL EXPLOSIVE SAFETY IMPROVEMENT PROGRAM
(MILESTONE 11-1)

PLANS AND PROGRAMS

Michael N. Swisdak, Jr.
Naval Surface Weapons Center

White Oak, Silver Spring, Maryland 20910

The Naval Explosives Safety Improvement Program (NESIP), Milestone II-1,
has as its objective the examination of Naval munitions in the quantitiesO and scenarios experienced on Nav&l waterfronts, to determine fragment and
blast hazard ranges. This paper will review the organization of the
program, discuss several of its major on-going testing programs, review
some of its many past accomplishements, and discuss its relationship with
the Navy's Weapon System Explosive Safety Review Board. Specifically, the

- paper will review findings and testing concerning hazard ranges and
sympathetic detonation of bombs and torpedoes in the open and torpedoes in
certain classes of ships. It will discuss analytic studies of several
Navy Weapon Systems including the Penguin Missile System and the Destructor
MK 14 MOD 0. In addition it will present previously unpublished fragment
velocity data taken from the NESIP data base.
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The Chief of Naval Operations initiated the Naval Explosives Satety
Improvement Program (NESIP). In 1974, the program was established for the
purpose of assessing the Navy's compliance with DDESB standards on explosive

r handling waivers and explosive safety problems in general. A collateral
objective was to develop military construction programs to eliminate such
problem areas where possible.

The scope of the entire current NESIP effort is shown in a breakdown of
tasks by Milestone number in Table 1. This paper will deal solely with
Milestone II-l, "Prosecute Naval Explosive Safety Test (NEST) Program."

This Milestone (II-1) has as its objective the examination of Naval
munitions, in the small quantities handled on Naval waterfronts, and in the
several explosive handling scenarios which are experienced, to determine
fragment and blast hazard ranges. The ultimate goel is the reduction of
explosive-safety quantity-distance (ESQD) arcs which must be applied to small
quantity handling evolutions. These define the basic scope of the program.
The program deals with handling scenarios: transportation, loading, topping
off, etc. It is also generally limited to small quantities of munitions.
Small in the context of transportation and handling scenarios generally means
no more than 1500 pounds Net Explosive Weight (NEW). (Note: The handling of
small quantities of munitions excludes major facilities such as the Naval
Weapon Station, Yorktow'n; it does include facilities such as those located
at Charleston and San Diego).

In the past, the Navy has operated under Explosive Safety Quantity-
Distance (ESQD) waivers at most of its tidewater port complexes during explo-
sive handling operations which are necessary to maintain fleet operational
readiness requirements. Much of the problem that brought about the imposition
of these waivers in the first place resulted from the application of Department
of Defense Explosive Safety Board (DDESB) general standards to specific Navy
operations at these ports -- operations that are less severe and more limited
in scope than those to which the DDESB standards are generally applied. These
DDESB standards, as interpreted by the Navy are an ESQD arc of "... 670 feet
for 100 pounds NEW (New Explosive Weight) or less. For 101 to 30,000 pounds
NEW, the minimum distance will be 1250 feet unless it can be shown that fragments
and debris from structural elements of the facility or process equipment will
not present a hazard beyond the distance specified..."

The Navy recognizes the necessity of maintaining adequate safety standards.
Moreover, it accepts the DDESB criteria for acceptable hazards. These criteria
are:

1. Less than 1 psi blast overpressure, and

2. A hazardous fragment flux evaluated for the ground surface area of
less than one hazardous fragment per 600 ft 2 . A fragment is considered
hazardous if it has an impact energy of 58 lb--ft or greater.

It is recognized that the DDESB's policy is to make changes in the ESQD
tables if it is demonstrated that the new arcs for each specific scenario
are realistic and do not compromise safety.

1Ammunition and Explosives Ashore: Safety Regulations for Handling, Storing,
Production, Renovation, and Shipping, NAVSEA OP5, Vol. 1, Rev 10, 1 Nov 1981.
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In essence then, each Naval munition or weapon system must be examined
to answer the following questions:

1. Given the detonation of one round, what are its effects on any
surrounding rounds? Will the surrounding ordnance sympathetically
detonate! What is the Maximum Credible Event (MCE)?

2. For the MCE, and applying the DDESB standards given above, what is
an appropriate ESQD arc?

The approach has been two-fold -- analytical and experimental. Predictions
are made using the analytical techniques developed for this program. These
predictions are then verified experimentally. When the theory is inadequate,
it is developed/refined and experimental tests are conducted to determine
relationships from the data. The analytical techniques form the NESIP Technology
Base, which was described by Porzel 2 at the 1980 DDESB seminar. Currently,
approximately 60% of the effort is analytical and 40% experimental. At the
onset of the program, all analyses/predictions were verified experimentally
(100% testing). As the results of these analyses and predictions were compared
with the experimental data, it became obvious that less testing would be
required. In every case in which differences occur between the Technology Base
predictions and the experimental results, the Technology Base has been more
conservative (i.e., required a larger ESQD arc). Because of the development
of the Technology Base, answers to ESQD problems can now be obtained much more
easily and reliably. The technology is now well-developed and operable. It
is used for analysis and test guidance. Together -- analysis and tests -- they
are giving the answers to the questions asked: "What are the ESQD values for
specific Navy Scenarios?"

Because of the development of the Technology Base and its successful
application, the CNO introduced 3 , 4 in 1979 a mandatory requirement that all
programs for the development and introduction of new weaponry into the fleet
include analyses developed by the NESIP and/or verifying tests (as recommended
by NESIP) to insure the timely availability of hazard information for review
by the Weapon Systems Explosives Safety Review Board (WSESRB). The CNO specifi-
cally tasked Milestone II-I of the NESIP to assess the sympathetic detonation
characteristics and the explosion hazard effects of weapon systems that are
presented to the WSESRB. These efforts are to be funded by the weapon systems
project managers. If the weaponry is found to be unacceptably hazardous,
then the NESIP Milestone II-I is to fund an effort to reduce the hazard to an
acceptable level.

2
porzel, F. B., "Technology Base of the Navy Explosives Safety Improvement
Program," Minutes of the Nineteenth Explosives Safety Seminar, Los Angeles, CA,
11 September 1980.

3CNO ltr Ser 411F/316499 of 5 Feb 1979.
4 NAVSEA ltr 04H3/EAD Ser 363 of 22 May 1979.
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In 1978, Petes 5 presented an outline of this milestone and certain of
its accomplishments. Table 2 presents a summary of the weapons/scenarios which
have been examined (analyzed and/or tested) since the program inception.
Many of these findings have been reported previously in some detail 2 ,6- 1 5

in the open literature.

5Petes, J., "The Navy's Explosive Safety Improvement Program for Pier Side
Munitions Operations," Minutes of the Eighteenth Explosives Safety Seminar,
San Antonio, TX, 12-14 September 1978.

6Porzel, F. B., "Design of Lightweight Shields Against Blast and Fragments,"
Minutes of the 17th Explosives Safety Seminar, DOD Explosives Safety Board,
Denver, CO, 1976.

7Porzel, F. B., "A Model and Methods for Control of Sympathetic Detonation,"
Minutes of the Eighteenth Explosives Safety Seminar, DOD Explosives Safety
Board, San Antonio, TX, Sep 1978.

8Martin, G. H., "The Explosives Hazard Presented by the Torpedo Magazine of
a Guided Missile Frigate (FFG Series) During Pier-side Topping-Off Operations,"
19th DDESB Seminar, Los Angeles, CA, Sep 1980.

9 Connor, J. G., "Hazards from Accidental Explosions in Submarine Tender
Workshops," Minutes of the Nineteenth Explosives Safety Seminar, DOD
Explosives Safety Board, Sep 1980.

'10Ward, J. M., "Simulated Tomahawk Missile Handling Arc Test Results," Minutes
of the Eighteenth Explosives Safety Seminar, DOD Explosives Safety Board,
San Antonio, TX, Sep 1978.

llWard, J. M., "Blast/Fragment Hazards Associated with Accidental Explosion of
a MK 82 Bomb Pallet," Minutes of the Nineteenth Explosives Safety Seminar,
DOD Explosives Safety Board, Sep 1980.

1 2 Porzel, F. B. and Ward, J. M., "Safety Analyses of the Machrihanish Magazine,"
NSWC TR 79-359, Naval Surface Weapons Center, White Oak Laboratory, 1979.

'13rorzel, F. B., "Propagation of Explosions in the Machrihanish Magazine:
Vulnerability of Thin-Cased Munitions to Massive Debris," Vol. 5, Seventh
Quadripartite Ammunition Conference, London, England, Oct 1979.

14Swisdak, M., Jr., "Determination of the Safe Handling Arcs Around Nuclear
"Attack Submarine," Minutes of the Nineteenth Explosives Safety Seminar,
DOD Explosives Safety Board, Los Angeles, CA, Sep 1980.

15Connor, J. G., "Shields for Decelerating Munitions Fragments," Minutes of the
Eighteenth Explosives Safety Seminar, DOD Explosives Safety Board, San Antonio,
TX, Sep 1978.
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The remainder of this paper will review some of these findings. In addition,
some of the previously unreported results will be presented. Other papers
at this seminar will discuss still other facets of the work. Finally, several
on-going experimental programs will be briefly discussed.

A major emphasis in the program has been the ESQD arcs required for tor-
pedoes. The work was begun with obsolete MK 16's and is currently coutinuing
with the newest MY 48's. It was discovered that the torpedo warhead fragments
are not the culprits, since the warheads are relatively thin-skinned. The
fragmentation hazard range is driven, rather, by parts of the truck or other
vehicles used to transport the warheads. The ESQD arc for two torpedoes in
the open is within 500 feet. When the torpedoes are placed on a truck, however,
the ESQD arc extends well beyond 500 feet. This is because the truck becomes
a major source of large secondary fragments. Through the use of a simple
shield the warhead detonation was decoupled from the truck, reducing the hazard
ranges to an acceptable level. This simple shield design is shown in Figure 1.6

Another part of the torpedo effort has been work done to reduce the MCE.
At the spacings generally encountered in torpedo magazines aboard ship, if one
torpedo detonates, the remainder should sympathetically detonate. The simple
expedient of nose-to-tail stowage (as opposed to nose-to-nose stowage), as
shown in Figure 2, reduces the liklihood of sympathetic detonation. If, in
addition to nose-to-tail stowage, inhibitor plates are placed between rounds,
the MCE can be limited to one warhead. (Note: sympathetic detonation is
inhibited; lower order reactions such as burning are not automatically excluded).
This has been demonstrated previously for MK 16 and MK 46 torpedo warheads.
A recently completed experimental program has demonstrated the feasibility of
this concept for MK 48 torpedo warheads.

It should be noted that the NESIP simply recommends methods of reducing
sympathetic detonation and the ESQD arcs. The actual design and retro fit of
these concepts are engineering problems that are being handled by the various
ship engineering offices.

As part of these same studies, it was found that the OTTO Fuel does not
detonate for the projected threat scenarios and thus does not contribute to
the MCE.

Another effort" has involved the ESQD arcs produced by the detonation of
pallet loads of MK 80 series bombs. The program has shown that if one H-6
filled bomb in a standard pallet configuration detonates, the remainder of the
bombs within the pallet will also detonate within 300 microseconds. Further-
more, if pallets are stacked one on top of another or side-by-side as closely
as possible, and if detonation begins in one pallet, it will spread to the
surrounding pallets. Thus the MCE is the number of pallets in close proximity
multiplied by the number of bombs in each pallet.

If the MCE is limited to a single pallet (approximately 900 to 1900 pounds
NEW for bombs in the MK 80 series) resting on a flat surface in the open, the
ESQD arc can be defined for this scenario. Test results indicate that for both
MK 82 and MK 83 bombs (and by generalization all bombs in the MK 80 series),
the ESQD arc is controlled by airblast and not by fragmentation. Figure 3 is
a plot of NESIP generated pressure-distance data for MK 80 bombs (scaled to one
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pound at sea level). One psi occurs at a scaled range of 56 ft/lb 1 / 3 (approx-
imately 600 feet for pallets of MK 82's and MK 83's and 700 feet for HK 84's).
As part of the NESIP procedures, this data was compared with multi-source
archival MK 80 data as shown in the next figure (Figure 4). The solid line
in this figure is the NESIP Technology Base prediction for H-6 (Equivalent
Weight of 1.3) in a steel case (case weight to explosive weight of 1.5). All
of the data as well as the prediction are in excellent agreement.

As determined by NESIP tests, the ESQD arc based on fragmentation for
single pallets of MK 80 series bombs is within 500 feet (i.e., less than one
hazardous fragment per 600 square feet ground surface area). It should be
noted that hazardous fragments do travel beyond 500 feet from ground zero.
However, there is no physical reason why the ground surface areal density
should be anything but a decreasing function with range beyond 500 feet for
these naturally fragmenting bombs. This has been investigated in a series
of tests conducted at White Sands Missile Range, New Mexico by the Terminal
Effects Branch of the Naval Surface Weapons Center. In these tests, pallet
loads of bombs were detonated and fragments recovered out to at least a range
of 2000 feet. Analyses of these data are continuing.

A study was recently completed of the PENGUIN missile system. This is a
Norwegian developed missile utilizing a BULLPUP A warhead as shown in Figure 5.
The U. S. Navy plans to configure four missiles on a MK 3 patrol boat, as shown
in Figure 6. Analyses indicate that if one warhead detonates, the remaining
warheads and all the solid propellant will sympathetically detonate. OP-51 and
Porzel 2 indicate that for the PENGUIN propellant, a TNT equivalency of 25% is
appropriate for determining the MCE. Based on a single missile (warhead plus
propellant contribution) the ESQD arc is 300 feet. For a four missile (MK 3)
configuration the ESQD arc is 485 feet. Again in this instance, blast deter-
mines the arc, not fragmentation.

Because of the questions raised by this and other studies, the NESIP has
undertaken a program to determine the TNT equivalency of several standard
Navy gun and rocket propellants. The tests will be conducted on several types
of propellants (single and double base solid propellants as well as two types
of gun propellants). Care is being taken to maintain that all charges are
above their critical diameter for detonation, and that the initiation stimulus
is more than sufficient to achieve detonation (explosive boosters whose weights
are approximately 10% of the propellant weight being tested).

Another recently completed study is that of the Mine Neutralization System
Bomblet (DESTRUCTOR MK 14 MOD 0) (Figure 7). This is an underwater bomb
designed to be dropped from a submersible. The case is non-metallic, with a
nine-pound lead ballast in the nose. Calculations indicate that the weapon
in its shipping container will mass detonate when stacked in a side-by-side
configuration. The ESQD hazard range is determined solely by airblast; the
case and container fragments do not contribute to the range. Up to nine weapons
can mass detonate and still meet the desired hazard criteria at 500 feet. The
palletized configuration of this weapon has not, as yet, been determined. These
results will be used in defining a "pallet load." The lead ballast in the nose
of each bomblet constitutes a special fragment hazard, in that it is massive
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and may be expelled nearly intact. If the ballast is expelled near an optimum
launch angle, it could go up to four miles. Moreover, the ballast would
constitute a single fragment or a relatively small number of fragments so that
the areal density at 500 feet should not exceed the acceptable hazard criterion.

The NESIP (Milestone 11-1) program effort has been an on-going program for
about eight years. During this time, it has answered safety/hazard questions
for many Navy weapon systems. Moreover, it has produced a broad data base which
can be applied not only to safety problems but to vulnerability problems as well.
One example of this data base is the answer to the question "What are the initial
fragment velocities produced by Navy weapons?" The answer is usually known for
fragmenting weapons; however, fragmentation data is usually not of concern to
the torpedo designer. Table 3 presents a compendium of NESIP fragment velocity
data extracted from the data base.

The results of the entire Milestone II-I effort can be summarized as
follows:

All current Navy weapons and scenarios which have been tested or analyzed
thus far are either acceptable hazards near 500 feet or could be made so.

The program is continuing. As indicated above, the emphasis this year has
been on problems associated with submarine tenders (ESQD arcs for workshop
accidents and sympathetic detonation inhibitors for MK 48 torpedoes) and the
TNT equivalency of propellants. Future efforts will continue the propellant
equivalency work and begin studies of preformed fragment warheads and LFORM
ammunition and ships.
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TABLE 1 NESIP PROGRAM

MILESTONE
NO.TASKS~NO.

I. OVERSIGHT AND REVIEW OF PROGRAM

1-I PROVIDE NESIP SUPPORT SERVICES TO OPNAV

1-2 CONDUCT PERIODIC REVIEWS OF NESIP

1-3 CONDUCT AMHAZ REVIEWS

1-4 MAINTAIN WAIVER DATA BANK

1-5 MAINTAIN CAPABILITY FOR EXPLOSIVES SAFETY INSPECTIONS/SURVEYS, ON AN
18-MONTH BASIS, AFLOAT AND ASHORE

1-6 REVIEW ACTIVITY MASTER PLANS FOR EXPLOSIVES SAFETY IMPLICATIONS

1-7 COMBINED WITH ACTION ITEM 1-5

1-8 MAINTAIN CURRENT THE STANDARD EXPLOSIVES SAFETY INSPECTION CHECKLIST
FOR SHIPBOARD INSPECTIONS

II. ISSUES WITH DDESB

11.1 PROSECUTE NAVAL EXPLOSIVES SAFETY TEST PROGRAM

11-2 INCORPORATE MAGAZINE IMPROVEMENTS IN LFORM AMMUNITION SPACES IN
AMPHIBIOUS WARFARE SHIPS

11-3 CHANGE HOMEPORT OF NORFOLK-BASED AOEs

11-4 PREPARE AND PRESENT ACTIVITY OR REGIONAL MASTER PLANS TC DDESB

11-5 CORRECTION OF DDESB-REPORTED EXPLOSIVES SAFETY DEFICIENCIES

11-6 FORMALIZE NAVY INTERIM EXPLOSIVES SAFETY STANDARDS (OPNAV.NST 8023.21A)

11-7 ESTABLISH STANDARD PROGRAM FOR COMPUTING NET EXPLOSIVE WEIGHT (NEW)

III. OTHER SIGNIFICANT PROBLEM AREAS

II1-1 IDENTIFY MILCON PROJECTS FOR INCLUSION IN INVESTMENT PROGRAM 55
(DIRECTED EXPLOSIVES SAFETY INVESTMENT PROGRAM)

111-2 PROCESS WAIVER REQUESTS/UPDATES/VALIDATIONS

111-3 ANALYZE ABSLA'S TO MINIMIZE WAIVER NEEDS

111-4 NO ITEM ASSIGNED

111-6 CANCELLED

111-6 CLOSURE OF PORT CHICAGO HIGHWAY

111-7 SMALL ARMS TARGET RANGES: DESIGN, CERTIFICATION, WAIVERS

111-8 PROSECUTE THE NAVY EXPLOSIVES SAFETY FACILITIES PROJECT

IV. POLICY GUIDANCE MATTERS

IV-1 MAINTAIN CURRENT THE NAVY EXPLOSIVES SAFETY POLICY GUIDANCE DOCUMENTS
(e.g., OPNAVINSTS 8023.2/13120/21, 8020.8, 5101.1, ETC.)

IV-2 INSURE CURRENCY OF EXPLOSIVES ACCIDENT AND INCIDENT (EXPLOSIVES MISHAP)
REPORTING DIRECTIVE AND RESPONSIVENESS THERETO AT COMMAND LEVFLS
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TABLE 2 WEAPONS AND SCENARIOS TESTED/ANALYZED

TORPEDOES PROJECTILES MISSILES BOMBS

MK 16 5"/54 (A-3) TOMAHAWK MK 82

MK 46 5"/54 (EXP. D) HARPOON MK 83

MK 48 5"/54 HIFRAG PErNGUIN

76 mm 2.75" FFAR

5" GUIDED TOW

SPARROW

ESOD FOR SHIPS MCE/NEW: MAGAZINES

SSN 688 CLASS* FFG-7

SSN & SSRN (ALL CLASSES)* AS-18*

MK 3 PATROL ROAT* MACHRIHANISH

FFG-7**

SHIP VULNERABILITY TO PIER-AIDE ACCIDENTS

DDG.2

SYMPATHETIC DETONATION INHIBITOR DESIGN

MK 16 TORPEDO

MK 46 TORPEDO

5"/54 (A-3) PROJECTILE

MK 48 TORPEDO

INCLUDES NESTED SHIPS

" WORK IN PROGRESS
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TABLE 3 NESIP FRAGMENT VELOCITIES

CASE CASE AVERAGE INITIAL
MUNITION EXPLOSIVE MATERIAL THICKNESS VELOCITY VELOCITY

(IN.) (FTIS)'* (FT/S)*"*

MK 16 TORPEDO HBX-1 BRONZE 0.125 9100 -*

MK 46 TORPEDO P,3XN-103 ALUMINUM 0.260 8200

MK 48 TORPEDO PBXN-103 ALUMINUM 0.260 9300 -

5"/54 A-3 STEEL' 0.66 4360 4630

76 mm
(BARE) A-3 STEEL 0.66 3530 3680

76 mm
(CANNISTERED) A-3 STEEL 0.66 3070 3160

TOMAHAWK
(BULLPUP
WARHEAD)- H6/ STEEL 0.78 6000 7300
IN SHIPPING PICRATOL

CONTAINER

MK 82
(SINGLE BOMB) H-6 STEEL 0.50 6300 8000

MK 82
(PALLET) H-6 STEEL 0.50 9300 11,500

MK 83
(SINGLE BOMB) H6 STEEL 0.50 7300 8500

•, MK 83S(PALLET) H-6 STEEL 0.50 10,200 12,700

* EXTRAPOLATIONS ARE NOT INCLUDED FOR THINLY-CASED MUNITIONS

** AVERAGE VELOCITIES ARE BASED ON DIFFERENT MEASURED DISTANCES

FOR EACH MUNITION

** BASED ON EXPONENTIAL VELOCITY DECAY MODEL

(1 295
I- . . - .- ,

-- --



'UU

zz

LU-A

CID-

LaU

LLLU.

xa
0 D x

00

0
!-J

40
296



ID

TORPEDO CG

I 
Ti

TORPEDOES 
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10.0 I I I I "i i I IIl

0 SIDE ON (SINGLE BOMB)
LO o SIDE ON (PALLET)

A NOSE ON (PALLET)

o TAIL ON (PALLET)

0 O } OPENSYMBOLS AAE MK 63 DATA

2.0 CLOSED SYMBOLS ARE MK 82 DATA
4) • P- 21&.8 X-1-34

0A

1.0 -ui u

0.5 0

0.2

0.1I I I 1 1 1 i I I I ,i,,
10 20 50 100 200

SCALED DISTANCE (FT/LB11/3 )

FIGURE 3 NESIP GENERATED MK SO D)ATA
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300,0 (• I " I ! 'l'i I . .. .... • .... I i ..

200.0(A

100.0

NESIP TECHNOLOGY BASE
50.0. (UTE (REF 2))

NOTE: DATA ARE SHOWN FOR
ALL MK S0 SERIES BOMBS

20.0

10.0

5.0

- 2.0

1.0-

0.5-

0.2

0.1 I I 1 1I 1 1 1 . ... . ,1 iiI

1 2 5 10 20 50 100 200

SCALED DISTANCE (FT/LB1/
3)

FIGURE 4 COMPILED MK S0 SERIES AIRBLAST DATA
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YIELD AND BLAST ANALYSES WITH A UNIFIED THEORY OF EXPLOSIONS (UTE)

Summary

\leld is the most significant single number measured on any explosion because
all effects -- sympathetic reactions, fragments, blast damage-- derive from it.
UTE offers the only adequate way to relate all explosions: non-ideal, any media,
over all ranges in air, underwater, underground, confined spaces, heavy cases etc.
The Form Factor and Lead Time are new extensions intended for safety analyses.
A key idea in the form factor is to define average energy density in the blast wave
relative to the peak value at the shock; it is the tacit assumption in scaling now.
Lead Time means the difference in TOA between a sound signal and a shock wave;
it scales, is a sensitive measure of yield and is nearly constant at long range.
Applications include- absolute measure of prompt and delayed yields for blast,
sympathetic reactions, fragments, propellant yield, surface effects, analysis
with sparse data and simplified instrumentation.

304

" r - t .UI • III -



YIELD AND BLAST ANALYSES WITH A UNIFIED THEORY OF EXPLOSIONS
Francis B. Porzel

Naval Surface Weapons Center

1. UTE Methods for New NESIP Problems

Yield means the blast or hydrodynamic energy released by any explosive
and is the single most significant number to be measured in tests of any explosion.

All effects derive from yield and in principle can be predicted using it:
* Primary fragments: their sizes, shape, number, initial velocity of trajectory,
* Close-in blast, regarding both initial containment and secondary fragments,
* Low pressure damage, especially to specify the range where I psi occurs,
* All sympathetic reactions -detonation, deflagration, burning, their degree-

be it directly from blast or via fragment and thermal loads it produces.
In fact, the Maximun Credible Event (MCE) really means the overall yield.

The Unified Theory of Explosions (UTE) was developed for just such needs.
UTE offers the only general way to describe any explosion: nuclear, non-ideal HE,
over all ranges in air, underwater, underground, confined spaces, heavy cases etc.
UTE offers two dozen concepts as tools to treat dozens of real non-ideal effects,
nearly all being unknown or ignored in idealized classic theory and hydrocodes.
A key idea in UTE is "prompt vs delayed" energy; it asserts that natural processes
release some energy instantly, some more slowly, reinforcing blast farther out;
much is trapped behind the negative phase too late ever to support the shock front.
This separation is manifest by phenomena like afterburning, secondary shocks,
and the most dramatic feature of any explosion: The fireball is delayed energy.

The NESIP Technology Base 2 itself rests on the Unified Theory of Explosions and
much success in NESIP tests is due to versatile and accurate analyses with UTE.

Current NESIP problems now raise new and more specific questions about yield.
For sympathetic reactions and in the design of inhibitors to prevent them:

* How much energy is released in a partial or in a low-order detonation?
* What are the actual prompt and delayed fractions in afterburning explosives?
* How to live with the large scatter of pressures measured in the real world?
* How to live with the narrow range of feasible, affordable measurements?
* What are the absolute energies involved in various modes of energy release?

For hazards involving propellants:
* What are the yields of a propellant on an absolute basis, detonated alone?
* If set off by an explosive warhead, how much does the propellant add

to the prompt or delayed yield of the main explosion? Any new hazards?

ro meet these new needs for NESIP, two major advances have been developed for UTE:
* A "form factor" method for bookkeeping the energy within a blast wave,

to describe variable rates of afterburning, notably in heavily aluminized HE.
* A "lead-time" method, a simple reliable way to get yield from time-of-arrival.

They have widespread application to many explosion problems for NESIP and others.
The purpose of this paper is to describe these new methods briefly, show the code
and to test them by comparisons with a broad spectrum of field measurements.

1. All references are listed at the end of the text, before Appendix A.
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2. Form Factor Concept and Method

rhe form factor F is defined to mean Available E
the average hydrodynamic energy W+K in the wave Internal W
relative to their peak sum E at the shock front. +
It is the ratio of the area stown here as F Kinetic F
to the "square wave" as if E were constant at Es. Energy K d

If we define the yield Y(R) at any shock radius R as the integrated sum

Y(R) = 4pif (W + K)r dr
0normalize the integral, multiplying/dividing by the peak overpressure PP -Pand by the mean value of any factor (like the available fraction A of engrgy at P)

Y(R) = 0 i R 3 (P -.P )A W + K3- r) 2 dr3 s o f I-V--•1 J i (R) _R]Ii 0 o
Thus F becomes the dimensionless fraction specified by the definite integral.
Rigorously, we can just simply define a form factor F such that

yield volume 3 O'pressure mean A form factor
Y(R) = (4pi/3)R P A -

This definition for F is deceptively simple but is a powerful hydrodynamic tool.
Miany man-years and $millions were spent since World War II on elaborate hydrocodes,
mostly to calculate pressure-distance curves with highly over-simplified models.
Yet, both A and F are readily prescribed by the overpressure ratio (P /IP -1);
so we can always obtain the shock radius R at any pressure P simply Nfro~n

R Y(R) P =overpressure, units consistent with Y and iRl(4p T7T- PAF

To calculate R, the code decreases Y(R) from its initial value Y by decrements

dY = -4pi Q1 R2dtR + Afterburning
losses gains

This can be done in bold steps, decreasing the pressure about 25% at each step.
The same steps are used also for integrating the time of arrival of the shock wave.

A and F always appear together and here is an exact way to calculate AF.
For exposition, let Q here mean the net loss (waste heat) and gain (afterburning).
Then the ratio of thl dissipation equation (dY=) to the definition for F (Y=):

dY= -4pi Q R dR 3(Q/P)dR
Y (4pi/T)TR'PAF AF AR

gives

dY/Y 3(U/P and AF = 3G/P
dFR AF A-"-dIn T /dIn R

The machine code uses the local value of dIn Y/din R from each previous step,
because dIn 'Y/din R varies slowly, from about -. 5 at high pressure to -1 at low.
Thus AF is bounded between 6G,/P at high pressures and 3G/P at low pressure.
Figure I shows these bounds and the transition region for the function AF vs P.

Analysis shows that AF goes like A(shock)/3 at high pressure, like AP 2/3 at low,
and a suitable approximation, to a few percent in Y, without use of din Y/din R,
and with a single parameter 1/3 for both high pressures and low, is:

AF Z A(shock)
3(1 + Pc/p) 2
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3. Lead-Time Concept and Method

Lead-time is a time-of-arrival method for measuring yield. With it we seek:
* An over-all measure of the shock history, sensitive to its early behavior.
* A way to circumvent uncertainty in yield from scatter in pressure measurements.
* Simpler instrumentation than the sophistication needed for good pressure data.

Time-of-arrival is an excellent measure for high pressure supersonic blast ' 4, 5,
but at low pressure, TOA becomes sonic and an insensitive measure of shock strength.
On the other hand, time-of-arrival can be measured with exceedingly high accuracy.
Let us then measure the difference in time between the shock and a sound signal
and define, at any range R:

Lead-time = sound arrival - shock arrival time
LT R/C - T

This quantity ought to and does Scale, is a sensitive measure at low pressures.
Best of all, it becomes insensitive to the range at acoustic strength, so that one
does not need an accurate gauge location -- if the sound arrival is also measured.

As shown in Figure 2a, the early shock is highly supersonic: U>>Co. There
R = fUdt or T = fdR/U are both sensitive measures of yield.

If we plot In R vs. In T as in Figure 2b, sound speed is a straight line, slope 1.
But the shock time-of-arrival approaches it, partly because of the logarithmic plot.
Also, tha lead-time ceases to grow as the "overvelocity" vanishes at low pressure.
As shown in Figure 2c, the lead-time approaches a scalable constant at long range.

In machine calulations, time-of-arrival adds up, using the same steps as for Y(R):
TOA = dR/U U = local shock velocity

Because of the finite step size, an average value for 1/U is used; thus
"d1" = T -Ti = [1/U + 1/U.]*[R. - Ri1/2uii+1 i i+1 ,Ri

'he time-of-arrival and the lead-time are scaled just as for distance scaling.
When the shock is strong, it is convenient, and a more independent measure to scale

Relative yield = (Measured TOA/reference TOA)].
When the shock is weak (below the transition pressuje) we scale lead-times as

Relative yield = (measured LT/reference LT) .

Figures 3 and 4 illustrate practical reasons for developing the lead-time method.
Large scatter in field pressure measurements is no doubt real, probably intrinsic,
because a pressure gauge "feels" only the pressure at its surface, regarglesp of
how rapidly pressure may vary in a boundary layer next to that surface I .
Figure 3 shows how pressure suffers from real variations both in space and in time
Spacewise, the dust-laden boundary layer, brush, rough terrain all deplete yield.
Timewise, the shock jets, and "rings" as it goes, in patterns that shift with time.
The time-of-arrival will more nearly follow the grand-scale average growth
0' the hemisphere in free air above the ground surface, as idealized in Figure 4.
While some lag may occur due to drag in the boundary layer, the corresponding error
in lead-time is not nearly as severe as the pressure reduction from the same layer.
Field measurements will test whether this exoectation of less scatter is realized.

We also expect the lead-time will better "remember" the early history of the wave.
If the explosion starts at low speed, is then sustained by afterburning,
the TOA could be longer, the lead-time less, than by an instantaneous explosion.
On the other hand, compensation occurs: the energetic shock wastes more energy early
and after running a long time more slowly, may arrive later than the afterburner.
UTE form "actor calcuiations will show which is the stronger effect and how much.
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AVERAGE, "GRAND"
MOTION OF SHOCK
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4. Machine Code and Printout

Appendix A lists the complete code, is well-annotated and may be self-explanatory.
thritten In advanced BASIC for a personal computer, it uses two-digit variables,
compound statements in lines etc., but In principle could be copied wid run as Is.

I nut parameters appear at the top of thelprintout (Tables 1, 2). T!ry !nclude:
Trial yield Y , here in joules; 4.188 10 joules = 1 KT, 4.188 10"= 1 KG,
Mass M of eJpioslve and immediate case, their specific energy H relative to air,
Initial radius RO: HE charge, isothermal sphere (nuclear), isobaric sphere (gas),
Ambient conditions: pressure P 0  sound speed C 0 , and/or density Do,
Afterburning fraction AB of Y : Transition pressure Pt, strong to weak shock.

If any above are missing, the code usually supplies a default value or computes one.
Input measurements for evaluation of yield include pressure P, range X, and/or T'OA.

Major OptLons are included regarding input parameters, input data, and print-out.
Input any 3 of 4: yield YO, initial pressure PI, mass Net or specific energy H.
If any are omitted (usually P. is unkno,,n), the code will ca~culate it.
If all are given, the code witl recompute H to make it consistent with the rest.
If P, X< or T data are omitted; the code prints predictions anyway.
Time may be input either as discrete data or by a fitted curve. (So could distanca).
Print-outs can be predictions only, + diagnostics, or yield analyses with graphs.

Major Comvputation Blocks (15 in all) are set off by remarks in the LIST.
O-in�terest as a guide to the code, they are listed on the first page of Appendix A.

Computation Procedure. After the predictions for conditions at the chaige rudius:
"•lSelect a new pressure; next data or reducing the previous P by 10"* = 1/1.26.
2. Compute waste heat Q, afterburning increment YA, available energy fraction A,

form factor w/A as AF, shock velocity U, all are functions of the pressure.
3. Compute yield decrement Y1, afterburning YAr3 now yijV Y = Y- Y1 +YA,

then iterate for "mass-corrected" radius Z =(R + H*M) , then get R from Z.
4. Calculate TOA from dT = dR/U, and new TOA = old TOA + dT.
5. Calculate relative yield from range, essentially as (measured/calculated)cubed.
6. Calculate relative yield from TOA or lead-time, as (measured/calculated)
7. Summarize with an average yield relative to input yield, for range and/or TOA

including Ihe standard deviation of the measured yields about their nean.

Table I illustrates a printout of close-in predictions of a massless explosion= M=0.
The initial pressure PI and radius RO marl- the end of a nuclear radiative phase.
The isothermal sphere implies a "square wave", i.e. larger form factor than normal,
nor can the interior gas be accelerated instantly to reproduce a normal biast wave.
The code allows it to do so gradually by computing an "inertial mass" as shown.
The point is: In a gaseous explosion, spark gap, or any other non-ideal blast wave,
a like initial dissimilarity occurs and will be so accommodated with all UTE codes.
4e note that the inertial mass found, 544 kg mass of air engulfed at that radius.

Table 2 illustrates another printout option that graphs the relative yield from TOA.
It compares predicted lead-times for a Mk 48 torpedo with the field test data.
Initial yield included a ground reflection factor 1.5 and afterburning oF PBXN 103.
The ambient conditions are for the test site at Socorro, NM, altitude Z 5200 feet.
The input mass was 1038 pounds, essentially the warhead, most of which is PBXN-103.
This was the very first test of the code. The relative yield is pl•)ed as T (time).
The rOA yield, .90 predicted, means lead-time itself is within .9 =.965, 3.5%.
Also shown, not plotted, 3re the pressure results: relative yield 1.099, 3.2% in R.
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TABLE 1

FVN

LNIFIED T)OW CF 043CMICNS (UTE), FOM FACTOR NETH-1) A* TIMESI i•eN pressuMarITE QATA, NMLTR 72-209
i Total Yield = 4.18879E+12 Input rress = 0 Input H * .25
Ambient pressure w 100000 Drrbient density x 1.16271
Arblent sound speed = 347 Inertial maess = 544.037Afterburning fraction = 0 Coplete at Pt/Po = 1.99526O'•FESSLUE RADIUS YIELD ,MWRIVAL TIME LEAD TI M

79432.9 4.21063 .839084. 9.50147E-06 .0121249
63095.8 4.51563 .818802 1.31606E-05 .0130002
50118.7 4.83647 .798519 1.74959E-05 .0139205
39810.7 5.17656 .778182 2.26698E-05 .0148954
31622.7 5.60958 .75347 3.00725E-05 .0161359
25118.8 6.06141 .728707 3.8739E-05 .0174293
19952.5 6.53499 .703973 4.89312E-05 .0187839
1.5848.9 7.03314 .679343 6.09603E-05 .0202075
13600 7.37917 .663073 7.01477E-05 .0211955
12589.3 7.55862 .654897 7.51919E-05 .0217076
10000 8.11427 .630716 9.20832E-05 .023292
7943.29 8.70291 .60686 1.12161E-04 .0249683
6309.56 9.32753 .583393 1.36065E-04 .0267445
5011.86 9.99126 .560374 1.64565E-04 .0286287
3981.06 10.6957 .537912 1.98504E-04 .0306249
3750 10.8641 .532836 2.07216E-04 .0311015
3162.28 11.3621 .518595 2.34559E-04 .0325092
2511.89 12.079 .499882 2.78187E-04 .0345317
1995.26 12.8509 .481772 3.30994E-04 .0367034
1584.89 13.6825 .464255 3.949t4E-04 .0390359

TABLE '2
FkN

LNIFIED THEI- CF DO-OSICINS (UTE), F FPCTOR NET-JD AND TINES
INHIBITOR TESTS CN MW48 T043XS, JNE 1982, PRELIMINRY DGATA SHO)T #1
Total Yield = 3.85452E+09 Input rrmass = 471.252 Input H :.
P bient pressure = 83000 Arbient density = .991783
APnibient sound speed = 342.29 Calculated Initial Pressure = 1.08279E+07
Afterburnlng fraction = .3 Cormplete at Pt/Po = 1.99526
P/PO TI, Yield Nvbas. T .6 Relative IM Yield 1.4

.456874 .884941 .0679804 . T

.376298 .762048 .0809575 . T

.223453 .938644 .128332 . T

.201855 .88243 .140158 . T
.154507 .983428 .176062 . T
.0930362 .933178 .268408 . T
.0880522 .915598 .280596 . T

Yield, relative to input = 1.09959
Standard deviation, % = 21.1099 based on 7 semples, P=> 1 psi
TiA Yield, relative to input = .900038
Standard deviation, TOA yield, % 7.77284 based on 7 sarples
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5. Test of Methods with Nuclear and HE Data

The form factor and lead-time methods were tested against a broad spectrum of data.
Nuclear data check on absolute yields by their radlochemical and hydrodynamic yields
and check the equation of state more severely at higher pressures than HE reaches.
HE data check non-ideal effects like large mass, afterburning, and secondary shocks.
Tie broad range of data checks for self-consistency and exposes systematic errors.
Figures 6 to 10 graph the detailed results and Table 3 summarizes them.

Blast theory is usually checked against data by pressure.-distance plots like Fig. 5.
But as seen there, UTE matches composite data so closely that graphs are inadequate.
Instead, UTE computes the relative yield at each pressure level and we plot that.
On Figure 5, the line widths approach 3% In radius, 10% in yield, too small to see.
On Figures 6 to 10, the three central lines are relative yields of 1.0 ! 10%,
as if the graph of Fig 5 were blown up to broaden the lines to the band width shown.

I KT Nuclear Cormosite 1 ' I (Fig 6) covers from 13600 to .07 bars, 105 times. 7
The average yield.U2_4 KT - 5.3% matches the line width of the source curve
and is significant because the high pressures are superbly accurate fireball data.
The TOA yields also are excellent at high pressures; overall is 1.08 KT ! 14%.
The excursion at low pressures is probably due to a fitted time-of.arrival curve.
The consistency in yield is assurance that the high pressure UTE equation of state
is realistic relative to the ideal gas law, used for air at pressures below 10 bars.

KING Fireball 3 (Fig 7) is probably the best pressure-distance data in existence:
hT'gh yield, air drop, negligible mass effect, all-fission, a perfect circle fireball.
Radiochemistry gave 545 KT, hydrodynamic yield 555 KT, fireball scaling 595 KT.
Here, pressure and TOA both give 586 KT; scatter of 3-7% is round-off error in data.
This one test is definitve: all the measured data are digital -- no graphing errors.

Nuclear Blast StandardB (Fig 8) is not data but an artifical viscosity hydrocode.
The absolute value of yield .997 KT checks superbly, but the scatter is over 14%.
Its initial pressures are known to be 50% low 1f~om actual fireball theoryl an data.
At low pressure its P-R cyrve decays like R- , flatter than UTE, P-R
Classic theory predicts R" , but field measurements always decay much faster.

1 KG TNT Cornosite 9 (Fig 9): splendid agreement/consistency, up to the charcq, 4
and for .07<P/P.<2, the UTE calculation agrees well with often-measured P~R
The excursion bglow .07 bars is probably not real, but old data piously fit to R
The absolute yield is .714 KG, 714 cal/gm; earlier UTE methods gave 720 cal/gm.

1KG H6 Cam osite9 (Fig 10 ) is a check with a heavily aluiminized explosive,
where the afterburning fraction is estimated as .30. The consistency 5% is suberb.
The absolute yield is 1.014 KG HE, or 1014 cal/g, equivalent to 1.4 times TNT.

Previous UTE, DSC 1 (not shown) has been used successfully on so many NESIP and
other tests that it is of interest to use a DSC calculation (M=0) as input data here.
The result: Relative yield 1.00000, 3 3.5%, no sensible difference between them.
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TABLE 3

TESTS oF I FORM FACTOR - METHODS$LEAD-TIME I

VERSUS NOMINAL SPAN, BARS YIELD % CONSISTENCY

NUCLEAR COMPOSITE 1 KT 13,600 -b .07 RANGE 1.029 KT ± 5.3
(FITTED TOA) TOA (1.087) (14,)

KING FIREBALL 556. 1.900 - 46 RANGE 586 KT - 3.6
595 KT TOA 586 KT ± 6.8

AIR FORCE 1 KT STANDARD 1 KT 10,000 - .07 RANGE .997 KT ± 14.6

TNT COMPOSITE 1 KG 47 -. .07 RANGE 714 KG ± 8.6

H- COMPOSITE 1 KG 8.3 - .16 RANGE 1.02 KG ± 5.1

UTE DSC CONSTANT ' 1 13.600 - .07 1.00005 ± 3.6

INDIVIDUAL POINTS

I

I

*Ii

4
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FIGURE 5. COMPARISON OF UTE PREDICTIONS WITH NUCLEAR AND TNT DATA
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KING FIREBALL 555-595 KT

PRESSURE LEAD.TIME

1.1 0 - 10 .

0 0
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FIGURE 7. RELATIVE YIELD VS OVERPRESSURE, KING
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6. M\K. 48 Torpedo Inhibitor Tests

Recent field experiments on the design of inhibitors 2 ' 10 for the Mk 48 torpedo
provide an opportunity to test/apply these new methods to a typical NESIP problem.
Ttheltest set-up is shown at the top of Table 4; essentially, it was a donor warhead
flanked by two acceptor warheads, with inhibitor plates between them, on each side.
On one side the plates were steel, on the other side aluminum, thicknesses as shown.
Detonation was suitably instrumented with witness plates, cameras and flash panels
and in a blast line by pairs of pressure-time gages near 140, 240, 3U0, 400 feet.
Even so, critical questions arise in all such tests:

If the witness plate did hole, did full detonation of the entire warhead occur?
If it did not hole, could the charge have moved and a delayed detonation occur?

To understand Peither case, we need to measure the yield output for each event.

The test results were unequivocal and corroborative among all the test evidence.
Shots 1 and 2: no acceptor detonated. Shot 3: the aluminum side holed in situ.
The 140 and 240 foot gages on Shot #3 had double pulses that coalesced by 300 feet.
Still the critical questions remain: How much energy did each shot yield?

Peak pressure results are compared on Figure .11 with the pre-shot calculations.
The data on #1 seem somewhat low, on #2 somewhat high. But scatter makes it doubtful:
Excepting two "low" points on #1, one "high" on #2, 13 remaining points replicate.
Shot #3 leaves no doubt the curve beyond 300 feet represents twice the yield.

The corresponding pre-shot estimates and lead-time daLa are shown on figure 12.
Now there is no doubt that Shot #/2 was larger than #1, nor that Shot #3 was double.
Considering this was the first test of a lead-time prediction on HE, it checks well.

Relative yields on shots 1 and 2 are plotted on Figures 13-14. summnarized on Table 4.
Compare the pressure results: 1012 KG + 21.1% vs. 1386 KG - 17.9%.
rhe ratio 1386/1012 = 1.37 is impressive, -xcept that 37% is not far different from
the arithmetic or the Pythagorean sum of deviations, 21.1+17.9. One is just not sure.
Now compare lead-time yields: 828 KG f 7.8% vs. 1108 KG f 6.8%.
Again: 1108/828 = 1.34 is impressive and 34 is more than twice any sum of 7.6 and 6.8
These confidence levels make a strong, objective case for the merits of lead-time.

As Table 4 indicates, the yields on shot 3 were definitely doubled, by either method.
but no predictions had been made with history effects for catch-up of second pulses.

S We have yet to resolve why the lead-tim'i gives lower yields on both shots 1 and 2.
Compare range/lead-time: 1012/828 = 1.23 (shot 1) and 1306/1108= 1.25 (shot 2).
It is precarious to prognosticate with preliminary data until they really do firm up,
but two main ideas are noteworthy here: 1. measuring sound velocity, 2. reflection
Among many ways to measure sound velocity -- absolute temperature + wind velocity,
a microcharge fired just before the main shock, or compute C from the P-t data--
all three differed at the field tests, and we have not yet resodved why.
On the other hand, the lead-time could well be telling us a ree' fact:
The calculations assumed the torpedo explosion reflected instantly off the ground.
Whereas we know it must have run for some time as a free air explosion,
and was slowed by the inhibitor plates and by the acceptor in that direction.
WVe also know that the shock is slowed by the dust-load in the boundary layer
The present results are based on sound velocity as calculated from pressure gages.
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TABLE 4.
MK 48 TORPEDO INHIBITOR TESTS

DONOR

ACCEPTOR~ ~ INj IjIr ACCEPTOR IU

INHIBITOR PLATES

YIELD (REFLE 1.) CONSISTENCY

NOMINAL SPAN, PSI
SHOT =1 1 1/2" ALUMINUM 1000 KG 10 - 1 RANGE: 1012 KG - 21.1%

TOA: 328 KG - 7.8%
S3/4" ALUMINUM 1000 KG 10 -- 1 RANGE: 1386 KG - 17.9%

TOA: 1108 KG ± 6.8%
#3 3/8" ALUMINUM 1000 KG 10 - 1 DOUBLED.

DOUBLED:

PRELIMINARY DATA AND ANALYSES
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MK 48 TORPEDO INHIBITOR TESTS
SHOT #1

PRESSURE LEAD-TIME
0

0

0

0 0

o0 ..... 0.9 0 o 0

RESULT: 1012 KG d:21,1% 0RESULT: 828 KGt•7,8%

0.6 LL . o.e 1 1 1 1 W

OVERPRESSURE RATIO P/Po

FIGURE 13. RELATIVE YIELD VS OVERPRESSURE, SHOT 1
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,,4.

MK 48 TORPEDO INHIBITOR TESTS
SHOT #2

SPRESSURE LEAD-TIME

0

S0O-'1 ~1.1

0-,0 O
P 0 u 0 0

cc019 op ~0.90 0

RESULT: 1386 KG - 17.9% RESULT: 1008 KG ± 6.8%

0.61 L L I l L 0.61 1 1 1 1 I1IL I

OVERPRESSURE RATIO P/Po
FIGURE 14. RELATIVE YIELD VS OVERPRESSURE, SHOT 2
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7. Conclusions

1. Form Factor. The form factor method with the unified theory of explosions (UTE)
agrees well with nuclear and high explosive data, with earlier methods of UTE
and offers a facile way to describe non-ideal and non-spherical explosions.

2. Lead-Time. The lead-time method is a simply instrumented way to measure yield
at high and low shock strengths, with much less scatter than pressure measurements.

3. UTEFORM. Form factor and lead-time together offer a new powerful diagnostic tool
to solve the unpredictably broad problems which explosion safety requires such as
sympathetic reactions, early blest history, unusual afterburning or energy release.

4. Absolute Yield. The definition 10i2 cal/KT = 106 cal/KG = 103 cal/gm
Is a modern 'raEtnal way to correlate any explosion: nuclear, chemical, other source.

It is necessary because:
Different HE's do not necessarily scale with each other nor with other sources.
That is, equivalent weight is certainly not constant at high shock strengths
and is not necessarily constant even at acoustic shock strengths.
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Appendix A

LIST for UTEFORM
Form Factor and Lead-Time Methods With the Unified Theory of Explosions

Major Computation Blocks by Line Numbers:

0-199 Input parameters
200-299 Compute Pl. given YO and H
299-300 Compute M or H, given YO, PI and either M or H
400-450 Compute trial Y, if unspecified

V,. 450-500 Print column headings
500-570 Data processing and pressure selection
570-699 Energy gains, losses, new yield and range
700-800 Equation of state sub-routine
800-850 Energy gain and loss sub-routines
850-899 Form factor sub-routines
900-999 Time-of-Arrival sub-rountine
1000-1400 Input data: pressure, distance, time
1400-1500 Example: Fitted time-of-arrival sub-routine for a nuclear composite.
1500-1599 Relative yields from range and time-of-arrival
1600-2000 Yield, standard deviations and termination.

F¶ !Hints:

1. Any consistent set of units may be used.
If energy is in joules, R in meters, M in kg, then P2 is in pascals =10-5 bars.
Line 50, as written, converts from KT (4 pi/3 *10 ) to joules;

2 use line 51 to enter the KT, KG or cal/gm.
2. Change data with a line editor, it will save retyping the remarks in that line.
3. In general, the variables are defined by remarks the first time used in the LIST.
4. For help, call Fran Porzel, 202 394 1166 (office) or 703 533 7973 (home).

t 329

Si--



%0

0 ,1 =2 '0 z Predictions, 1= analysis, 2,3 = range or IMO yield
1 REM.Any self consistent units rry be used; P is in pascals for Y kg, Rrmoters
5 FPINT "rItflVP/L1T8", LATE$, TINvE$t IF J=G iie 15
15 PRINT "ILNIFIED IHam'H I E)OrMLOIONS (UIrE), FRA FAC:TCR NVM AM TINES"
23 PRINT "tNfLEAER M47SITE DATA, NITR 72-209"
25 B z 403.141592/3 'Form factor for spherea mech. eq of heat, 13.6 deg cal.
30 PO : IE5 '/ftlent pressure; 1 bar = IE5 pascals =1E5 kg/m/sec^2
31 P0 = 1*P0 'Erases possible previous entry
35 EO = 2.5 : K0'= 1/EO +1 'energy and adiabatic coefficients, ambient
40 D0 =1.1613 ,CO = 1138.45*. 3048 'input u'rbient density DO or sound speed CO or both
41 DO 1 1.11613 'Erases possible previous entry for Do
43 IF CO > 0 THEN DO = K1OPO/CO'2 DMTO 50 'Override DO by equation of state
46 IF CO = 0 THEN CO = SGR(KOPO/1DO)
50 YO = B*10^12 'Yield; 1 Kr = 1012 cal = 4op/ 3 *1e12 kg m^2/m'3/sec^2
51 YO =YO*1.O 'Relative yields from earlier runs or fits
52 ' I PG = 10^6 cal = 4pi/3*1e6 kg m^2/m'3/sec^2
53 A8=.00 'Afterburning fraction
56 YO = Y0*(1-AB) 'Yield before afterburning
60 RO =4.2 'Radius of isothermal sphere or charge radius , 1I Kr
61 RO = 1*R0 'Erases possible previous entry
70 H = .25 'specific energy of debris to air; use .5 for massive
80 M =0
83 M = HI-•/B/DO 'converts nass to equivalent volurm of air
85 IF R0 = 0 TH-EN RO (NO/B/1500)Y(1/3) ELSE 86 'Replace 1500 w/ D of charge
86 Z0 = (R03 + M)W(1/3) 'Z = Sahock radius corrected for UTE mass effect
90 PI = 8E9
93 PT = PO*10^.3 'Transition pressure, book-keep end of afterburning
95 GIZ = 3.St YZ = .5 'Default. intial values for dlnQ/dlnZ, dlnY/dInZ (ideal)
100 PRINT "Total Yield ='Y0/(1-AB), "Input mass ='v4V, "Input H ="1
120 RPINT "Arblent pressure &'IP0, "Ntbient density ="DO
140 PRINT "Amnbient sound speed ='IC,
199 iO- ............ CPTION 10 CALMLATE PI, GIVEN YO AND H ...................
200 P = PI :IF PI >0 THEN 300
210 PI = Y0/B/Z0^3 'Trial value; A*F approx 1 for strong shocks
220 P = P1
230 ODSLIB 700
240 A = A/3
250 Y = Y0*(1.-/P) 'Estimate for waste heat of charge or isothermal sphere
260 P = Y/B/hF/Z03
270 IF ABS(P/PI -1) <.001 THEN 285
280 P1 = P: LT 230 'Iterate for P1
285 PC = PI 'Save revised pressure PC at charge surface
290 PRINT 'Calculated Initial Pressure ="P
296 CDTO 445
299 .1VL, ................ OPTICN M1CADOATE H, GIVEN P1 .r Y .............
300 GOSLOB 700
315 IF YO =0 1EN 400
320 Y = YO*(1.O/P) 'Waste heat in radiative phase or chargew/af 1
330 IF rt>0 AND H>0 THEN 390
340 Z0=(Y/B/PI/AF")" (1/3)

350 W-I = B*DO*(Z03 -R0"3)
360 IF NlO = 0 THEN Nv = M'I/H ELSE 380
370 PRINT "Inertial mass ='IWO IF 3 = 0 THEN 380
380 IF H = 0 T H = NI/ID ELSE 390
385 PRINT 'Calculated specific energy H ="H
390 M ~ H-tvl/B/0O 'Corrputes "inertial vulume" from apparent mass )
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399 tREM .. .... OPTION TO CALCULATE Y (Needs debugging)
400 IF Y = 0 THEN Y = B*PI*A*F*ZOA3 ELSE 430
405 GOTO 930
410 YO = Y/(1- PI/PO)^(1/K -1))
420 PRINT 'Calculated initial yield YO ="YO
430 P = PI
445 PRINT"AfterburnIng fraction ="AB, "Complete at Pt/Po =1PTiPO
450 IF 3<2 THEN PRINT In'PRESSURE ", "RADIUS", "YIEL D","ARRIVAL TIME", 'tEAD TIME"
470 IF 3<2 THEN PRINT " ", "Measured","Range Yield","Measured", "TOA Yield"
475 IF 3 = 1 THEN PRINT " I/P"," Z", " YZ", " QZ". " AF"
480 IF 3 = 2 THEN PRINT 'O'Press."TAB(10)"Rel. YId" TAB(20)"dlnY/dinZ" TAB(30)".6",
490 IF 3 = 3 THEN PRINT "P/P0" TAB(1O)"TOA Yield" TA8(20)"Meas. T" TAB(30)".6",
491 IF 3 = 2 OR 3 THEN PRINT "Relative Yield" TAB(69)"1.4"
499 REM................ PRESSURE SELECTION ................................
500 READ PX,X : IF PX = 0 THEN 1600
510 PX= PX*1E5
513 REM Use GOTO 525 with no measured times or if TX is in seconds
515 GOSUB 1400 'Sub-routine for tilted TOA curve
520 TX = TX/1000 'Fitted curve was in milliseconds
525 IF P>PX THEN N = .I*INT(10*LOG(PI)/LOG(IO) ) : GOTO 540
526 PI = PX - H=0 • XO =X : GOTO 300
530 N = N - 0.1
540 P = 10N
545 IF ABS(PI/P -1)<.001 THEN 530
550 IF P <PX THEN P = PX
560 GOSUB 700
570 REM ........ GAINS, LOSSES, NEW YIELD AND ARNGE ....................
580 IF Q1 = 0 THEN 630 'By-pass gain or loss at RO; avoid /0 error 0600
590 YH = Y +YA 'Add afterburning; hold Y as Z is iterated
595 IF QZ = 0 THEN 605 'IF Q = QI THEN Z =ZI and Y1 = 0
600 Y1 = 3*B*Ql(ZI"3)/(QZ -3)*(1 - (Q/0I)^(1-3/QZ))
605 IF P<PT THEN YA = 0 'No afterburning beyond transition pressure
610 Y = YH -Y1
630 Z =(Y/B/P/AF)"(1/3)
631 IF 01 = 0 THEN 637
632 IF Q GI OR Z = ZI THEN 635 'Circumvents repeated pressure problem
633 QZ = LOG(QI/Q)/LOG(Z/ZI)
635 IF ABS(Z2/Z - 1)>.O0001 THEN Z2 = Z : GOTO 595
637 IF M>Z^3 THEN Z = (M +R03)'(1/3)
640 R = (Z^3 - M)"(1/3)
645 ON ERROR GOTO 650 'Avoids d/0 on initial pass
646 YZ = LOG(YI/Y)/LOG(Z/ZI) 'Calculate dlnY/dlnZ for later use in 870
650 GOSUB 900. 'Get time increment
660 T = T +T1
675 IF 3 >1 THEN 687
680 PRINT P/PD, R, Y/YO, T, RICO -T
687 IF ABS(P/PX-1)(.OO1 THEN GOSUB 1500
690 IF 3 = 1 THEN PRINT" "Q/P, Z, " "YZ, " "QZ, " "AF
696 PI--P :1 = .i ZI =Z : RI =R ,UI =US :YI =Y:AI=AF
698 IF ABS(P/PX -1)<.001 THEN 500 ELSE 530
Ready
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699 fflA ................ EATILI. CF STATE 5UB-fTINIE .........................
700 P P/Pa 'Equation of state Is described best by pressure ratio
710 IF P<10 TIEN E=2.5 :GDTO 760 'E is ratio =energy/PV, l.e.epsilonh
720 IF P<100 ThEN E= 2.5 + 1.5M.t3(P/10)/L.G(1O) :GD10 760
730 IF P<700 T-EN E= 4.0 + 1.55'LMO(P/10l)/LaM(7) :.DTO 760
740 IF P<1000 THEN E =5.55 .. 55*UIi(P/700)/LUX(10/7) :GDTO 760
745 IF P<4000 TIEN E =5.0 - LCf•(P/1000)/LMf(4) :CUMO "60
750 IF P<40000 T-EN E = 4.0 :CDTO 760
755 IF P>40000 T-E]N E = 4.0 - .67*L.O(P/40000)/LCG(2) :GDTO 760
760 D = ((2*E +1)*(1 +P) +1)/(P + 2*EO +2) ' density ratio, real gas
770 A = E*(1 +P)/P*(1- (I+P)C(-1/(E +1))) 'Pronpt energy factor A ---Mrk/(P-P0)V
780 K = I/E +1 'Saee as epsilon = 1/(k-1)
790 P =P*PO 'get back to absolute overpressures
799 Svl ................ EEY LOSS MDCGAIN SUFXJTINE ......................
800 IF P/PO < .06 THEN 840 'Q will soon truncate to 0 if you don't do this
805 IF P/PG <11.3 THEN 830 'Exact match wI ideal gas U P=11.3, 3.4
810 L = .4342948*M_((P/P0) 'convert pressure ratio to log base 10
820 Q = P0*10-((21.75-L)*(L-1)/16) !.DTO 845 'Semi-empirical fit for real air
830 Q = P0*((1 +P/P0)^(1/K)/D -1)/(K-1) :]O10 842 'classical adiabat
840 Q =P*0(K+1)*((P/P0/K)^3)*(1 - 1.5*P/PO)/12 'acoustic dissipation
842 IF P>PT THEN 845 'Argument, wave form and losses are manifest at shock
843 Q = Q*(1 +AB) 'Argumenti secondary shock, other losses
845 ZP= 1/4 'dlnZ/dlnP; assunes YA goes as volume and tinr
846 YA = AB*Y0*((FC/P)^ZP -(PC/PI):ZP)/((PC/PT)^ZP - 1) 'IB is prop. to Z-zi
847 IF P(PT TH-N YA = 0
850 FMW .................. F" = A*F S&FfJI"TINE ........................
860 IF P>PT 11•N F =A/3/(1 +P0/P)^2/(1 + AB) :CDTO 890
861 1Jvl.: Strong shock, F= .42, mean A=.8*A(shock), /(1 +AB) is peaked wave form
865 IF YZ = 0 T-EN YZ = 1
870 IF P<PT T-E-N PF =3*'/P/YZ 'Weak and second shock, YZ stable
880 IF A->AI OR AF<=0 11-EN PF= Al 'By passes troubles at transition pressure
890 WETL.R"
900 FC .............. TlIvE-CF PW IVPL SLB-R3UTIINE ............................
910 IF P/PD >450 T-EN K =1.2 +.21_LCG(P/PO/450)/LMf(2) : (CT10 940 'real gas K
920 IF P/PD >15 TI-EN K = 1.4 - .2*_CG(P/P0/15)/LC(30): CDTO 940 'real gas K
930 K = KO
940 LIS = St1R(P/00/(1 -1/D)) 'used previous K to calculate U
945 IF ZI = 0 TFEN U! = US ' Ul not yet initialized as in 696
950 LB = (1/US + 1/UI)/2 'Ivban for integrating dt as dX/U
960 T1 = LB*(R -RI) 'Time increment
970 IF ZI = 0 AND P/Pa >10000 TI-EN TI = .2*T1 ! D10 990 'Radiative phase
980 IF ZI = 0 THEN T1 = .5*T1 'ball park estimate for detonations
990 I-TLJM
999 HEM ............. INPfTf NEASULRD DOTA. AfV/CR I)AEST R'ESSUFE FOR CALC.LAUICN.
1000 GATA 13600, 7.32, 3750, 10.7, 1550, 13.7
1010 CATA 1000, 15.5, 510, 19.2, 200, 25.6
1020 OATA 100, 32.2, 50, 41, 20, 57.3
1030 LATA 10., 75.1, 8, 82.4, 6, 91.5
1040 CATA 5, 98.8, 4, 108.5, 3, 122.5
1050 OATA 2, 147.4, 1.0, 208, .5, 302
1060 CATA .2, 544, .10, 905, .07, 1200
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1400 ....... ..... SLIB-fITINE R FITTED TIE • ARRIVPL.
1410 IF (PX/PO) < 500 THEN 1430
1420 TX = (PX/PO/500)-(-4/5) t MM 1490
1430 IX = (PX/P0/500)"(-6/7)
1435 TX = 7X*TX^(LM(TX)/175)
1440 IF /BS(TZ/'X -1) < .00001 T-EN 1490
1450 T2 = T• MOM 1430
1490 RETt.R
1499 M ................. AN D TINE CF ARIIVI. YIELD ................
1500 IF fAS(P/PX -1)>.001 THN 1595 'Passes only measured points
1510 YX= (X^3 4M)/Z'3
1533 TB = INT(50*YX + .25)
1534 IF TB>77 THEN TB = 77
1535 IF 3 = 2 T-EN PRINT P/PG TB(10)YX TAB(20)YZ TAB(O0)".,rrTAB(TB)"Y"1 TAB(70)"."
1545 IF LS/CO >2 THEN YT = (TX/T)^3 : CDTO 1555
1550 YT = ((X/cO -TX)/(R/CO -T))"3
1555 T" = INT(50*YT + .25)
1560 IF TB>77 T-EN T8= 77
1570 IF J = 3 THEN ITPRINT P/PG TA3(10)YT TAB(20)T TABO(0)"." TAa(TT)"T" YAB(70)"."
1575 IF P<.068*P0 THEN 1590
1576 1 = I +1
1580 SX = SX +YX
1585 VX = VX + YX"2
1586 IT = IT +1
1587 ST = ST + YT
1588 VT = VT + YTr2
1590 IF 3 = I THEN PRINT" N'as:", X, "*'f1X, IX, "*"Y"
1595 RE-.TLR
1599 M ................. YIELJOS A ST/41DOR DEVIATIONS ................
1600 IF 1 <2 'MEN 2000
1602 S = VX/(I-1)- (SX'2)1I1(I-1)
1604 IF IT < 2 fl-EN 1610
1606 S2 = VT/(IT-1) -(ST^2)/IT/(IT-1)
1608 PRINT
1610 PRINT "Yield, relative to input =" SX/I
1630 PRINT "Standard deviation, % =" 100*SGR(S)*(I/SX) "based on" I "sarples, P=> I psi"
1640 IF ST = 0 THEN 1680
1650 PRINT "1t3 Yield, relative to input =" ST/IT

A 1670 PRINT "Standard deviation, TOC yield, % ="100*SCJR(S2)*(IT/ST)"based on "IT"samples"
1990 L3TA 0, 0, 0
2000 END
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1. PURPOSE

This paper presents preliminary design criteria for frangible

surfaces intended to "break-up" and "blow-away" quickly enough to limit

the internal blast environment, structural damage and exterior debris

hazard from .xplosions inside structures. The design criteria relate

the critical design parameters of the structure, frangible surface and

explosive to the internal loading -- in a format that facilitates the

design of frangible covers and the prediction of internal blast loads.

2.0 BACKGROUND

2.1 Internal Explosions

Shock Pressures. Consider an e::-losion inside a hardened building

with a frangible cover as illustrated in Figures I and 2. The detonation

generates shock waves. The initial wave strikes the frangible cover,

and all other interior surfaces, and is reflected. The energy in the

reflected wave depends, in part, on the physical characteristics of the

reflecting surface. When the incident wave first strikes the frangible

cover, the pressure in the incident wave is shocked up to a reflected

pressure. if this pressure accelerates the cover fast enough then the

relative velocity between the incident shock wave and cover decreases.

This reduces the total energy (total impulse) in the reflected wave to a

value less than if instead the cover was non-frangible. In any case,

the reflected waves, bouncing back and forth between the walls, floor

and roof, produce a shock pressure loading on interior surfaces of the

structure. The contribution from the cover to t0e total shWck impulse

on other interior surfaces depends, to a large degree, on the number of

covers, cover size (surface area and aspecL ratio), location of cover
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relative to the explosive, physical properties of the cover (mass,

strain energy capacity and failure mode) and boundary conditions of the

cover (resittance of supports to moment, shear and tension).
The Naval Surface Weapons Center is currently developing criteria

to predict the reflected-shock impulse ca covers and the effects of
cover characteristics on the reflected-shock impulse applied to other

interior surfaces of a structure. At this point in the study it appears
that for the practical range of design parameters, covers experience the

full-reflected-shock impulse. Further, covers should be considered
non-frangible surfaces when computing the reflected shock impulse on
other interior surfaces of the structure.

Gas Pressures. If the explosion is confiued inside an enclosed
space, such as a building, the heat released by the detGnation end the

subsequent after-burning raises temperatures of the air and gaseous
by-products of the explosion. This phenomenon generates gas pressures,

in addition to shock pressures, in the same time period. The gas pressure
inside the structure rises to some peak value, the value depending on

the ratio of the net explosive weight to volume of the structure. The
gas pressure then gradually decays as gas temperatures drop and gases
vent from the structure. The gases vent through openings created by

breakage of building components, such as windows, doors and frangible

covers.

The peak gas pressure is characteristically small compared to the
peak reflected-shock pressure. However, the duration of the gas pres-
sures can be many times greater than the duration of the reflected-shock

pressures, especially when the vent area is small compared to the volume
of the structure. Progressive breakup of the building increases the
total vent area. This increases the rate of escaping gases which, in

turn, increases the race of decay in gas pressures, and thus, decreases
the duration of the gas pressure.

Blast hardened or massive structures often have little or no inherent

excape paths for gases. In such cases, vent areas must be built into
the structure. In practice, these vent areas are openings with frangible
covers. The frangible covers are intended to breakup and blow away
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quickly enough to reduce the gas pressure environment inside the structure.

This strategy reduces the extent of structural damage and seconda:y

debris.

2.2 Frangible Covers

Frangible covers are especially important in hardened structures

that contain explosives. For example, safety standards may require a

hardened structure to protect its inhabitants and contents from effects

of possible explosions located outside the structure. Typically, such

structures are massive and capable of absorbing large amounts of internal

strain energy. Consequently, the benefits of protection provided against

effects from an external explosion may be more than offset by the increased

risk tp inhabitants and contents from an internal explosion. Further,

explosions in hardened structures increase the risk to nearby facilities

since the greater blast loads inside a hardened structure produce greater

launch velocities of flying debris threatening nearby facilities. A

compromise solution to this dilemna is to install one or more frangible

covers in exterior surfaces of the structure. The covers are placed at

strategic locations that do not compromise protection from effects of an

external explosion. The frangible covers reduce the internal blast

environment and thus the external debris hazard.

Ordnance test structures, such as missile test cells, are also

frequently blast hardened, especially if the test cell is immediately

adjacent to the Weapons Maintenance Building that supports test operations.

For this case, the test cell is blast hardened to reduce blast and

debris on the adjoining building. Typically, one wall of the test cell

is made frangible to relieve internal blast loads and focus explosion

effects in prescribed directions outside the structure.

3.0 PROBLEM

The NAVFAC P-397 (Ref 1) states that "although frangibility is

imperfectly understood and difficult to measure, it has been assumed

that a imaterial whosc weight is 10 psf of surface area or less may be

336



-l PM I lip,. . . .

considered frangible for both the shock-front pressures and gas pressures

resulting from detonation of explosives greater than 100 lbs." NAVFAC

P-397 further states "if a large portion (one or more surfaces) of a

structure whose weight is greater than 10 psf fails, then this surface

of the structure is considered frangible for the gas pressures. However,

because the heavier surface will take longer to fail than the lighter

surfaces, full reflection of the shock pressures will occur." In design
practice, this criteria is interpreted to mean that any surface less

than 10 psf is fully frangible, i.e., the surface does not contribute

shock impulse to other interior surfaces of the structure and the degree

of venting for gases is the same as if no surface covered the opening.
This interpretation may contribute large errors in the design process

and result in unsafe designs.

Trends in safety regulations require less risk to exposed individuals

in ordnance facilities. This trend demands a better understanding of

frangibility. For example, recent changes in NAVSEA OP-5 (Ref 2) require

personnel working in a missile test cell to be exposed to no more than

2.3 psi from effects of possible explosions in other test cells. This

requirement is difficult to satisfy in a multiple test cell complex.

The facility designer desires one wall to be frangible in order to

reduce the internal blast environment from an internal explosion, thereby,

lowering the lCON cost of the facility and external debris hazard.

However, to protect personnel in that cell from explosions in other

cells, the designer must strengthen the frangible wall to safely resist

external blast pressures. But strengthening the wall invariably results

in a massive wall which violates current frangibility criteria. The

solution to this dilemma usually requires severe restrictions of test

operating procedures and lower production levels. Strengthening the

"frangible" wall is the practical and cost effective solution, provided

the designer has design criteria which account for effects of wall mass

on Lnternal blast environment.

The same problem is faced in trying to satisfy physical security

regulations. A massive wall is desired to increase the denial time to
forced intrusion into a missile test cell, but a light wall is required
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to control construction costs. Again, physical security requirements

must be compromised because of a lack of criteria on effects of wall

mass on internal blast environment.

In view of the problems cited above, the Naval Civil Engineering

Laboratory has undertaken a study to refine design criteria for frangible

surfaces. The work is being sponsored by the Department of Defense

Explosives Safety Board. The criteria presented herein is preliminary

and requires further test validation.

4.0 SOLUTION FORMULATION

Consider an explosion insi.de either the mi, test cell or the

building shown in Figure 2. An opening ,f area A is located in one

surface of either structure. The opening is covered with a frangible

panel. The panel has a mass y, area A and dimensions i by h. The

normal distance from explosive W to the panel is R.

The blast loading (combined shock plus gas pressure-time history)

acting on an interior surface of the box is shown in Figure 3. This is

also the blaEt loading on a cover placed over the opening provided the

cover is non-frangible for shock pressures (i.e., the cover provides

full-reflection of all shock waves striking its surface), but fully

frangible for gas pressures (i.e., the cover dees not decrease the vent

area, A, for escaping gases; the vent area is A from the instant of

detonation).

4.1 Shock Pressure Loading

If the reflected-shock pressure on the cover at any time t is

Pr (t) then the total reflected-shock impulse, ir, is

i r T /r P r(t)
1 /3 f 1/3 dt solution obtained from NAVFAC P-397 (1)
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The solutiou of Equation 1 is obtained from charts presented in NAVFAC

P-397 (Ref 1). The charts predict the average reflected-shock impulse

applied to a prescribed surface of a box-shaped structure. The charts

are based on analytical procedures and empirical date derived from

explosives tests. The P-397 procedure involves entering appropriate
charts with a series of dimensionless parameters related to the geometry

and size of the structure and the location of the explosive. The para-

meters are the length, L, and height, H, of the box-surface of interest;

net weight of explosive, W; number of adjacent reflecting surfaces, N;

norml distance from charge to box-surface of interest, R; distance from
charge to nearest adjacent reflecting surface, 91; and the height of the

explosive, h.

The accuracy of the P-397 value for ir depends on the size of the

cover relative to the size of the face of the box. The predicted value

of ir is the average value for the entire face of the box, including the

area of the cover. Consequently, the procedure may underestimate ir
applied to the frangible cover if the area of the cover is small compared

to the total area of the face of the box. In this case, computer programs,

such as BARCS (Ref 3), should be used to estimate ir' BARCS outputs ir
at each node point of a mesh simulating the surface area of the box.

The proper value of i r for the cover is the value of ir averaged over

nodal points within the area of the cover.

4.2 Gas Pressure Loading

4.2.1. Fixed Vent Area. Given a constant vent area, A, and the

time constant, a, describing the rate of exponential decay in pressure,

the gas pressure, P8 , inside the box at any time, t, is:

-a(t/Ts)
P (t) = B (1-- Ye (2)

According to analytical work by Proctor and Filler (Ref 4) and explosives

tests by NCEL (Ref 5), the peak gas pressure, Bg, inside the box is
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a function of the ratio W/V, the explosive weight, W, relative to the

volume of the box, W. The relationship between B and W/V is plotted

in Figure 4.

B 9 (W/V)o from Figure 4. (3)

Based on explosives tests by Keenan and Tancreto (Ref 5), the scaled

duration of the gas pressure, T /W1/ 3 , inside the box for a constant

vent area, A, and box volume, V, is:

T 2.26 A(-0 8 W 0.8 provided A & V =constant (4)

and the corresponding scaled total impulse of the gas pressure, ,

is:

= 569 ( , provided A & V = constant (5)
W A/V2 / 3 < 0.21

Equations 4 and 5 are empirical relationships derived from the gas

pressure-time history measured inside a box with A, V and W held constant

in each test but varied between tests. In these tests, pressure measure-

ments indicated no gas pressure developed inside the box for A/V2/ 3 > 0.60.

i

W+-3 = 0 ,provided A = constant (6)
A/V2 / 3 > 0.60

No test data is available to derive the expression for i /W1/3 where
0.21 < A/V"' 3 > 0.60. However, for the purpose of this paper it is arbi-

trarily assumed that the log of i /W1/ 3 varies linearly with the log of

A/V2/ 3 for 0.21 S A/V21 3 < .60.

Given A, V and W it is possible to derive an explicit expression for

the time constant, a, based on the following requirement.
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j T

f :z MFY dt (7a)

Combining Equations 2 and 7U

i B j (I -4 t e dT ,provided A&V constant (7)

where B , T and i1 are fixed values obtained from Equations 3, 4, and 5

(or 5a), respectively, based on given values of A, V and W.

4.2.2 Variable Vent Area. Consider a frangible cover over an opening

in a structure containing an explosion as shown in Figure 3. The combined
shock and gas pressures force the cover to move away from the opening.
This motion results in a variable vent area that increases with time.
Calculation of the gas pressure history inside the structure requires an

iterative process because of the variable vent area. The iterative
process proceeds as follows.

Refering to Figures 5 and 6, at time ti the known gas pressure is
Pi and the known acceleration, velocity and displacement of the cover,
acting as a rigid plate, are Ri .ki and xi, respectively. If Pi+l is
the assumed gas pressure at time ti+l, then

ti+1  ti + At

i+1 1 Pi+/
: •. i+l = :k + (Ri + i l)(At)/2

! Xi+ x = xi + .i At + (Ni +

During the time interval At, the average displacement of the cover is
(xi + X i+l)/2. If the perimeter of the opening is s, then the average
vent area, Ai+l' available for gases to escape from the structure is

Ai+1 (x, + xi+1)s/2 (9)
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Considering X to be a fixed vent area during the time interval, At, the

xi~l
gas pressure impulse, i., is calculated from Equation 5, the gas pressure

duration, T., is calculated from Equation 4, and the time constant, a, is
calculated from Equation 7. Knowing aai+ the gas pressure, P at time
t ÷1 is calculated from Equation 2. The calculated value of Pi~1 becomes

the new assumed value of P i+1 and the above process is repeated until the

difference between the assumed and computed values of Pi+1 is within a
prescribed error limit. Given agreement, time is incremented by At and

the eutire process is repeated for the next time step. If during this

process, A becomes equal to the area of the opening, then the effective

vent area is fixed and A = A for all succeeding time intervals.

Eventually, the gas pressure decays to zero. The time corresponding

to this point is the gas duration, T., inside the structure, and the

total gas impulse, i8, is equal to the total area under the gas pressure-
time curve. The above computational process was the basis for NCEL

computer program REDI which was used to develop design criteria for
frangible covers.

5.0 DESIGN CRITERIA

Computer program REDI was used to generate design criteria for

frangible covers. The following criteria are considered preliminary and

require further test validation.

5.1 Gas Impulse

Criteria for the gas pressure impulse inside a structure with a
frangible cover are presented in Figures 7-10. In each figure, the

scaled gas pressure impulse, i /W1 3 , is plotted as a function of the

scaled vent area, A/V2/3, for several values of the frangible cover ass,

Y/W1 / 3 . Each family of curves in Figures 7-10 are for fixed values of

the scaled reflected shock impulse, i / acting on the frangible cover
and the ratio of the net explosive weight to structure volume, W/V. The I
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4 curves assume the total reflected shock impulse, ir, is applied to the
- cover at time t = 0, i.e. the reflected shock impulse imparts an initial

velocity to cover equal to i r/m where m is the mass per unit surface

are& of the cover. This assumption reduced significantly the number of
parameters required to display the design criteria.

Use of the criteria require interpolation between values corresponding
to the curves in Figures 7-10. Linear interpolation on a log-log scale
is recommended for obtaining an intermediate value of any parameter, using

either mathematical relationships or log-log graph paper. Further, it is
recommended that ir in Figures 7-10 be interpreted as the value predicted
by procedures outlined in NAVFAC P-397 or computer program BARCS (Ref 3).

5.2 Peak Gas Pressure

As stated earlier, the peak gas pressure, B9, depends on the ratio
of the net explosive weight to structure volume, W/V, and is obtained

from Figure 4.

B f f (W/V), from Figure 4 (3)

5.3 Effective Gas Duration

The effective duration of the gas pressure based on a linear time

decay in the pressure'is

2i
Tt = - (10)g Bg

where i is the total gas pressure impulse obtained from Figures 7-10 andg
B is the peak gas pressure obtained from Equation 3.
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6.0 TEST VALIDATION

6.1 Method of Validation

Experimental data obtained from explosive tests designed to evaluate

the performance of earth covered structures was used to validate the

design criteria for frangible covers shown in Figures 7-10. The experiment

involved detonating explosives inside a series of small earth-covered

missile test cells having one frangible wall and a soil-covered roof

slab. The frangible wall and roof slabs were not fastened to their

supports. Test variables were the mass of the frangible wall, y, mass

of the soil covered roof, ys + Yr' and weight of explosive, W. The

motion of the roof and wall slabs was measured in each test with a high

speed camera.

The total reflected-shock plus gas impulse, iT, imparted to the

roof was derived from the measured maximum vertical displacement of the

roof slab, x., by applying the principle of conservation of energy.

Since the roof is unrestrained, the total work done by the gravity

forces of the roof must equal the total change in its kenetic energy.

Work = -(ys + Yr) Xm (la)

Since x Oat x = xm, the total change in kinetic energy, AKE, is

AnIS+ ýY) (02 XT) (lb)

Equating Equations 11a and Ilb,
• 2

xSXT
Ym = 2c)

From the principle that the total impulse applied to the roof must equal

the change in its momentum,
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fPt)dt 0
0

14is~ Y (Ilid)iT = \144 g T

Combining Equations l1c and lid and dividing the result by W1/ 3 , the

scaled total impulse of the reflected-shock plus gas impulse on the roof

is:

IT /Ys + Yr\

T (measured) = 1.731 Y / 2x-(11)

Since ys5 YrI W, and xm are known values for each test, the scaled total

impulse applied to the roof was calculated from Equation 11. This value

was considered to be the "measured" value of iT/W1/3 acting on the roof
of the missile test cell.

The predicted value of iT/W1/ 3 was taken to be the sum of the
sc d reflected-shock impulse, ir/W , predicted from criteria presentedt ~~~~scaled rfetdsokiple

in NAVFAC P-397 (which is based on the parameters shown in Figure 3),
1/3plus the scaled gas impulse, i /W/, predicted from the criteria pre-

gsented in Figures 7-10. In other terms, the predicted scaled total

impulse acting on the roof of the missile test cell was taken as:

Si p ir
-(predicted)(NAVFAC P-397) + (Fig. 7-10) (12)

1/ 1rW/31/

1/3The predicted value of i rW in Equation 12 assumed four reflecting
surfaces (N=4), i.e., the frangible wall, in addition to the other three

walls, was considered to be a non-frangible surface for shock wavesSiT/W1/3
striking its surface. The difference between iT/W obtained from

Equations 11 and 12 was the basis for validating the reliability of the

design criteria for frangible covers presented in Figures 7-10.
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6.2 Test Description

Design details of the test structure are shown in Figure 11. The
structure was a one-sixth geometric-scale model of a HARPOON missile

test cell. The floor, sidewalls, backwall and floor were constructed

from 3-inch-thick steel plate, joined together with full-penetration
welds. The backwall had no door opening. The bottom face of the floor
was flush with the ground surface.

The roof slab was 1-1/8-inch-thick plywood (3.3 psf) with No. 10

gauge sheet metal (5.63 psf) nailed to the inside face. The roof slab

was covered with sand to depth, ds, in a berm-like fashion. The berm

was configured so that the soil depth, ds, extended a distance ds beyond
the vertical extension of the walls, except at the headwall. The surface

of the berm was spray painted white to improve photographic contrast in

recording the failure mechanism of the earth-bermed roof. The total
roof mass was varied between tests by changing the depth of sand, ds.

The test charge was Composition C-4 explosive shaped into a right
cylinder with a length-diameter ratio equal to 1.0. The charge was

positioned midway between the walls and 7 inches above the floor, the

typical scaled location of a HARPOON missile during a testing operation.

The test charge ranged from W = 1.0 to 3.0 lbs which corresponds to

approximately W = 216 and 640 lbs full-scale, respectively.

The frangible wall was absent in two tests. In all other tests,
the frangible wall was either 1-1/8-inch plate glass (one test) at

y = 1.64 lb/ftý, or 3/8-inch plywood with 28 gauge sheet metal on the

inside face (6 tests) at y = 1,73 lb/ft4 or 1.0-inch plywood with 13

gauge sheet metal on both faces (two tests) at y = 10.50 lb/ft4. Based

on scaling laws, y = 1.73 and 10.50 lb/fte are equivalent to y = 10.38

and 63.0 lb/ft4 full-scale, respectively.

A view of a typical test setup prior to detonation is shown in

Figure 12. Note the adhesive tape used to secure the frangible wall to

its supports. Also note the soil berm spray painted white.

The values of critical parameters for each test are presented in

Table 1. Note: The listed values of y and y have been increased by
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9% to account for a 2-inch overlap of the roof slab onto each wall.

Further, y for the frangible wall has been increased by 5% to account

for a 1/2-inch overlap of the wall onto its supports.

6.3 Predicted Versus Mleasured Results

The measured and predicted results for each test are compared in

Table 2. The small difference between the measured and predicted iT/W1/3

for tests 23 and 24 (no frangible wall, i.e. N3) indicate the NAVFAC

P-397 procedure for the predicting the reflected-shock impulse on interior

surfaces of a structure are quite accurate, at least for the range of

parameters tested.

The value of test parameters in tests 25 and 27 are nearly identical,
except for the properties of the frangible wall. The frangible wall was

plate glass in test 25 and plywood/metal in test 27. The small difference

between measured and predicted i T/WI/3 for these tests suggests that the

brittleness of a fraingible wall does not significantly effect the gas

pressure environment inside a structure.

Test 29 provides the best measure of the reliability of the design

criteria since the gas impulse was a large percentage of the total

impulse. Note that the difference between the measured and predicted

iT is largest for this test.

The ratio of measured to predicted iT averaged over all tests is

0.99. This suggests that the design criteria for frangible covers is

adequate, at least for the range of parameters tested.

7.0 APPLICATION OF CRITERIA

The following problems and their solutions illustrate the application

of the design criteria for frangible covers.
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7.1 Missile Test Cell

The missile test cell shown in Figures I and 2 supports testing and

checkout of the LUNI missile. The net weight of explosive for the LUNI

is 343 pounds TNT equivalent. The center of gravity of the explosive is

positioned such Lhat the scaled reflected-shock impulse on the frangible

wall is ir/W1/3 = 100 psi-msec/ibI/3, according to NAVFAC P-397 (or
computer program BARCS), The frangible wall is z 3-inch-thick reinforced

concrete slab with a total surface area equal to 150 ft4. The volume of

the missile test cell is 8575 ftO.

(a) Problem: Find the peak gas pressure, Bg, gis impulse, ig, and

effective gas durat 4 on, T', inside the missile test cell.
8

Solution: The scaled area and mass of the frangible wall and

the density of explosive in the missile test cell are

A/V2/ 3 = 150/(5277)2/3 = 0.49

Y/WI/3 = (3 x 145)/12)/(343)1/3 = 5.2 psf/ib1 /3

W/V = 31:3/5277 = 0.040 1b/ft3

Entering Figure 4 with W/V = 0.040, find

B = 240 psig

Entering Figure 9 with W/V 0.040, -/W1 / 3  5.2, A/V2/ 3  0.49

and i r/W1/3 = 100, find

i /W 1/3 = 325 psi-insec/lb 1/3

i = 325(343)1/3 = 2275 psi-msec

From Equation 10, the effective gas duration for design purposes is

2
V 2(22 = 19.0 msec

g
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(b) Problem: Find the percent reduction in the ga6 impulse if the

LUNI missile is moved closer to the frangible wall such that i r/W 1/3

1/3r1000 psi-msec/lb

Solution: Entering Figo re 9 with W/V = 0.040, y1WI/ 3 = 5.2,
A/V21 3 = 0.49 and i r/W1 3 = 1000, find

i /W1/ 3  = 92 psi-msec/lbI/3

i = 92 (342)l/3 = 644 psi-msec8

Therefore, the reduction in gas impulse applied to all surfaces of

the missile test cell is

Reduction in i 100 72%
g 2275,

This reduction in i will reduce significantly the construction
g

cost of the missile test cell but increase significantly the possible

strike range of debris from the frangible wall which is roughly proportional

to the square of the total iropulse. For example,

i = i + i = 100(343) + 2275 = 2975 psi-msec (problem a)

I = i + i 1000(343)1/3 + 644 = 7644 psi-msec (problem b)iT ir g

Therefore, without an exterior barricade in front of the frangible wall,

the possible increase in the strike range of debris, Rs, is

Rs (problem a) / 7442

Rs (problem b) 2 = 6.6

7.2 Weapons Maintenance Building

The weapons maintenance building shown in Figures 1 and 2 is for

maintenance of the HARPOON missile. The workbay, shown in Figure 2, is

100 feet long, 40 feet wide, and 20 feet high and contains no more than
2400 pounds TNT equiva]ent at any one time. The roof and walls are
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massive reinforced concrete slabs designed to protect operating personnel

from an inadvertent explosion in an unrelated ordnance facility located

nearby. A large equipment door at both ends of the workbay is 25 feet
long and 15 feet high. The doors are not blast-hardened and weigh

13.3 psf.

(a) Problem: Find the peak gas pressure, Bg, gas impulse, is, and

effective gas duration, T' if the scaled reflected-shock impulse,

Sr / on the doors is 100 psi-msec/lbl' 3

Solution: The door area is A = (25 x 15)2 = 750 ft9. The

volume of the workbay is V = 40 x 20 x 100 = 80,000 ft 4 . The weight of

explosive is W = 2400 lb. The door mass is y = 13 psf. Therefore, the

critical scaled parameters are

A/V2/ 3 = 750/(80,000)2/3 = 0.40

W/V = 2400/80,000 = 0.040 lb/ft 4

¥1WI13 = 13.3/(2400)1/3 = 1.00 psf/lb1/3

Entering Figure 9 with these values, find

ilWI/3 = 120; i = 120(2400)1/3 = 1606 psi-msec

Entering Figure 4 with W/V = 0.040, find
B = 240 psi

From Equation IC, the effective duration of gas pressure in the

workbay is

T; = 2(1606)/240 = 13.4 msec
g

(b) Problem: Find the gas impulse in the workbay if the mass of

the equipment doors is increased to 67 psf to improve physical security of
the building.

Solution: '1e. sraled door mass in ¥/W 67(2400)1/3 5.0

psf/lb1 /3  Entering Figure 9, ii.:
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i /W1/ 3  350; i = 350(2400)1/3 = 4686 psi-msec

Thus, increasing the door mass from 13.0 to 67 psf increases the gas

impulse applied to interior surfaces of the building by

increase in i8 6-10 10 192%

8.0 FUTURE WORK

Explosive tests are planned for 1983. The tests will extend the

range of test parameters and include large scale tests. The large scale

tests are considered important since the theory used to develop the design

criteria is based on empirical relationships derived from small scale tests.
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10.0 LIST OF SYMBOLS

A Area of the opening without the frangible cover, ftW

Sxp, effective vent area, ftW

Bg Peak gas pressure extrapolated to time t = 0, psi

Br Peak reflected-shock pressure, psi

ds 6 Depth of soil cover, ft

E(x) Total strain energy absorbed by structural element at

displacement x relative to its support, ft-lb/ft'

g Gravity = 32.2 x I0' 6 , ft/msec;

h Height of frangible wall, ft

hI Height of explosive (c.g.) above floor, ft

iB Total reflected shock impulse, psi-msec

i i Total gas impulse, psi-msec

ir Total reflected-shock impulse, psi-msec

1T Total impulse; sum of r'flected-shock plus gas impulses, psi-msec

2 Length of frangible wall, ft

£R Distance from explosive (c.g.) to sidewall, ft

m Mass per unit area of surface, psf-msecý/ft

N Number of adjacent reflecting surfaces.

P(t) Pressure at time t, psi

P (t) Gas pressure at any time t, psi
g

P r (t) Reflected-shock pressure at any time t, psi

R Normal distance irom c.g. of explosive to a surface of
structure, ft

s Perimeter of the opening providing escape path for gases, ft

T Duration of gas pressure, msec
g

T' 2i /B = Effective duration of the gas pressure based on
9g g

a linear time decay, msec
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" t Elapsed time after detonation, msec

t I Time when reflected pressure equals the gas pressure, msec

T r 2i Br = Effective duration of the reflected shock pressure
baled on a linear time decay, msec

V Volume of structure containing the explosion, ft,.

W Net weight of explosive, lb (TNT equivalent)

x Displacement at any time t, ft

x Velocity at any time t, ft/msec

xm Maximum displacement, ft

XT Velocity at time T., ft/msec

a Exponential decay constant for P gt), msec"

Y Mass of frangible cover per unit area of surface, lb/ftW

Yr Mass of roof slab per unit area of surface, lb/ft4

Y •s Mass of soil cover per unit area of surface, Ib/ft4

Ps Density of soil, lb/ft4
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Weapons Mantenance auilding

Arnil t~ ae

franngible wall panel

Figure 1. Frangible panels in Weapons Maintenance Facility.

,Gates and

Frangible roof panel -. shock waves

Frang~tle wall panel

shock waves II

Section A-A

Figure 2. Design parameters for frangible panels.
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Figure 11. Design details of missile test cell.
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Internal Blast Measurements in a Model of the Pantex Damaged Weapons Facility

By

J. C. Hokanson, E. D. Esparza, W. E. Baker and N. R. Sandova].,
Southwest Research Inc titute

ABSTRACT

The Damaged Weapons Facility (DWF), planned for construction at the Pantex
Plant, will consist of several rooms and intercoruecting corridors. It is
being designed to essentially completely contain Pxploicve effects in the event

Sof an accidental explosion during weapon disassembly. Ztcause of the corplex
geometry of the facility, the rational prediction of initial and later rmflect-

C ed shock wave loading, and the longer-term gas pressure loading, is very dif 1-
cult. Accordingly, a cne-eighth scale, overstrength, steel "loads" Model

Sof the facility has been built and tested. Tests include detonpi. w oitini-
the model of various weights and types of spherical and cylialricai explcI.-,ive• ,
at several charge locations within the high bay area of the facility. T7o n'
paper summarizes shock and gas pressure measurements taken within the mc• .,
and compares t..r results to current methods for estimating these transieut
press'ires and to data from other investigators.

INTRODUCTION

General

This paper summarizes results of a two-phase test program conducted by
the staff of Southwest Research Institute under Purchase Order No. F0913400,
for Mason and Hanger-Silas Mason Company, Inc., Pantex Plant, Aniarillo, Texas.

The work involved the design, preparation of construction drawings,
fabrication, instrumentation, and internal blast testing of a one-eighth geo-
metric scale model of the Damaged Weapons Facility (DWF) planned for construc-
tion at the Pantex Plant. The full-scale facility, which is to be used as a
disassembly facility for damaged weapons, is being designed for Department of
Fnergy, Amarillo Area Office, by the firms of Gibbs and Hill, and Ammann and
Whitney. Since these weapons contain high exploi;ives as well as toxic material,
their disassembly must be performed within a structure which in the event of
the occurrence of an accidental detonation, will contain, within acceptable
limits, the explosive and toxic materials output.

The Damaged Weapons Facility will consist of several rooms and intercon-
necting corridors. The disassembly of a weapon will take place in the main
room or bay. This room is fully enclosed except for an access opening to
surrounding staging areas, corridors, and equipment and personnel blast locks.
Methods for determining the blast loads produced by spherical charges which
are detonated within fully enc.:osed cubicle type bays are well known (Refs.
1 and 2). However, only a minimal amount of data are available pertaining to
the evaluation of the blast loads and overpressures which leak out of a bay
into the adjoining confined areas.
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To determine these latter blast loads, a series o' tests has been conducted.
These tests incluled the initiation of various explosive charges within a one-

eighth scale model of the Damaged Weapons Facility and recording the magnitude

of the resulting blast overpressures, impulse and thermal variations. The
data obtained from these tests will enable the verification (or nonverification)
of the estimated blast loads used for the building design (Phase I). Also,
the test results prcvide an insight into internal blast loads produced by
(1) multiple charges, (2) charge geometry, (3) charge confinement and (4) TNT
equivalency (Phase 1I).

PurposeandO__bJLctives

The primary purposes of the tects in Phase I were to obtain measurements
of the blast and gas pressure loads, both within the high bay where explosions
mey occur, and within corridors and staging bays adjacent to the high bay.
All but one of the explosive charges detonated in this phase were single PBX
9404 spheres weighing about 0.990 lb (this represents 507 lb in full scale).
Mhe charge location was varied, as well as the pressure measuring stations.
Tests were replicated three times to determine reproducibility of measured
dynamic loads.

The objectiveu for Phase II were the determination of internal blast loads
associated with:

1. "TNT equivalency" of PBX 9404, PBX 9502, and Pentolite;

2. Multiple charges;

3. t cylindrical charges;

4. Li•%h i) ,sed charges.

In support of the first of these objectives, theý-e was also a requirement
for measuring heats of combustion for explosives .:o u: ix~te.! In this program,
as well as explosives for which there was an extensive dat ba!a 'f i:ternal
explosion measurements.

An additioiial objective during this phase was to obtain better transient
thermal measurements by use of fast-response calorimeters, and to use these
measurements to predict temperature-time histories for critical components in
the prototype structure.

Paper Content

In following sections, we describe the design and construction of the
model, give jur plan for instrumentation, describe the plan for reduction of
the many chaunels of data recorded during each test, and give the test plan for
both phases of the tests. Then, test results are summarized. The paper con-
cludes with a discussion of the test results. A reference list is appended.
Much more complete descriptions of this internal blast project appear in
Ref. 3 and 4 for Phase I and Ref. 5-7 for Phase II.
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SCALING

The Hopkinson-Cranz scaling law for air blast waves from explosive sources
(Ref. 8) predicts that the entire history of shock loading of a complex structure
should scale properly in subscale experiments, provided that:

1. Exact geometric similarity is maintained,

2. All times scale in exactly the same proportion as the geometric
(length) scale factor X,

3. Types of ex losive sources are identical and total source energy E
scales as A5, and

4. Initial atmospheric ambient conditions are unchanged.

Furthermore, References 9 and 10 show that explosions within vented or urvented
containment structures will generate long-term (quasi-static) pressures whose
amplitudes and durations (when vented) also scale according to the Hopkinson-
Cranz law.

The implications of the blast scaling law are as follows:

1. At similar locations and similar scaled times, pressure amplitude
and velocities are identical in model and full-scale tests.

2. Because times are compressed by the scale factor A, shock arrival
times, pressure rise times, overpressure durations, and all charac-
teristic times in complex pressure-time histories scale by X.

3. Specific impulses also scale as X, because the amplitudes (pressures)
are unchanged and the durations scale as X.

Inherent in the Hopkinson-Cranz law is the assumption (and proof by many,
many tests) that, for the very rapid shock loading and still rapid gas pressure
rise processes in contained high explosive loading, heat transfer processes lag
so greatly that they have insignificant effect on the transient loads.* The
scaling of the complex process of heat transfer by radiation, convection and
conduction is very difficult (see Chapter 12 of Ref. 8), and obeys quite differ-
eot scaling laws than for the pressure loads from contained explosions.

Basically, the model of the DWF which we built and are testing maintains
close to the exact geometric internal shape of the full-scale DWF design.
However, outer wall, roof and floor thicknesses are not exactly geometrically
scaled, but are instead designed for strength to withstand many scaled internal
explosions with no damage. No attempt whatever was mad- Lu c . odel heat
transfer processes in model design and construction.

*Eventually, even the quasi-static pressure within a gas-tight container will
very nearly equilibrate, as the hot explosion gases and compressed air mix and
cool by heat transfer through the container walls.
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Basically, the model of the DWF which we built and are testing maintains
close to the exact geometric internal shape of the full-scale DWF design.
However, outer wall, roof and floor thicknesses are not exactly geometrically
scaled, but are instead designed for strength to withstand many scaled internal
explosions with no damage. No attempt whatever was made to scale or model heat
transfer processes, in model design and construction.

There is ample evidence that the Hopkinson-Cranz blast scaling law applies
for very small geometric scale factors X (see Ref. 8). So, the choice of X is
dictated by other factors. As the scale factor becomes smaller, the required
frequency response for blast transducers and recording systems must be increased
proportionally, because all times are also shortened by X. Also, as model size
decreases, access to the model becomes more difficult. These negative factors
must be weighed against reduced construction cost with smaller size. The
choice of X = 1/8 for this model was dictated primarily by the need for internal
access to change model configuration and to inspect, replace or rearrange
instrumentation between tests. Someone had to be able to crawl inside the
model, and that would have been impossible at a smaller scale.

MODEL DESIGN AND CONSTRUCTION

Model Design

All-welded construction was chosen for this model, because of strength,
economy in construction and ease of making the model pressure-tight. The basic
construction material was chosen to be a pressure vessel steel, ASTM A 537
Class 1. This material has high yield strength and ductility, even at low
temperatures. It also can be welded in thick sections with little loss in
material strength and ductility.

We conducted some limited analyses to predict blast loads and response
of elements in the structures, to allow us to size the steel plate thicknesses
for various parts of the structure.

Most of the blast loading predictions were made for the surfaces of the
high bay area, using worst-case (nearest charge locations) for each surface.
The methods for predicting local and average peak overpressure and specific
impulse loading are described in detail in Reference 2. Details appear in
Ref. 1. Quasi-static pressures were also predicted from a curve in Reference
2, using the maximum charge weight and the volumes of the high bay area for one
pressure, and the entire internal volume of the model for another pressure.

Using the maximum calculated blast and quasi-static loads within the high
bay area, plate thicknesses were sized assuming elastic beam strip theory,
clamped-clamped boundary conditions, and a factor of safety (FS) of 1.5,
based on static yield strength for the A 537 Class 1 steel. Scaled pressure-
impulse (P-i) diagrams from Reference 11 were used for these calculations.
The results showed that h - 3 inches was adequate for all surfaces in this
part of the structure. Details appear in Ref. 1.

Calculations of blast loads within other parts of the structure are very
questionable (which is, indeed, the reason for this program). So, to achieve
a conservative design and to allow choice of a suitable hydrotest pressure,
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we established Dynamic Load Factors for the heavily-loaded high bay structural

elements, based on the vibration frequencies of appropriate beam strips, and
then computed equivalent static pressures to give the same maximum stresses,
using again the safety factor of 1.5. The recommended hydrotest pressure was
PT = 210 psi. Based on this pressure, plate sizes were chosen for the remain-
der of the model. These were 1.5 inches for walls outside of the high bay, and
2.0 inches for roof outside the high bay. Although there are no good methods
for predicting blast loads outside the high bay area, we felt that we could
obtain at least order of magnitude estimates by exercising a two-dimensional
blast wave code and representing the three-dimensional model structure by a
two-dimensional analog. The results of these calculations could give a rough
idea of blast pressures and rise times, and thus help in selection of appro-
priate transducers, as well as indicate possible areas of blast focusing
causing local high pressures. The results of these calculations appear in
Appendix C of Ref. 1. Although the absolute numbers were not expected to
correlate well with test data, relative amplitudes between the high bay area
and other areas were helpful in planning our instrumentation. They were also
comforting to the designers, because no high local overpressures were predicted
outside the high bay area.

The final design of the model evolved on the basis of the above design
calculations; the need for access to all outer surfaces of the model for
installing and for changing instrumentation; and the practical requirements
for welding, assembling, inspection, and stress relief. A support structure
allowing access from below was designed as a welded grillage of deep section
I-beams, with seven large access holes cut through the webs. In the model
itself, the design allowed subassembly of units, which were then welded
together for final assembly. The method and sequence of co1hstruction was
planned to minimize welding distortions, and to allow complete nondestructive
inspection of critical welds.

In the final design, there are two hinged manhole covers for access, many
transducer holes, sliding doors for the equipment and personnel locks which can
be bolted in place in the closed position or held open, and a small vent pipe
which is normally closed, but can be opened through a pneumatically actuated
valve.

Model Construction

The model was fabricated at Southwest Research Institute. Steel plate
was cut to size, beveled as needed, and welded into subassemblies using machine
and hand welding equipment and methods. All "outer envelope" welds which must
withstand significant blast and quasi-static pressure loads were fully inspected
using approved methods of nondestructive inspection. Any critical flaws were
ground out and rewelded.

The model was assembled in several subassemblies, which were se 'drately
stress relieved. These two major subassemblies were then welded together, and
other small parts welded in place. While still in the welding shop, the model
was hydrostatically tested to 210 psig. It was then painted and installed
at our test range. The completed model is shown in Fig. 1 and 2.
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Figure 2. Completed Model Installed at Test Range
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INSTRUMNTATION

In these tests, three types of transient measurements were made during
Phase I:

1. Blast pressure
2. Gas pressure
3. Temperature.

In addition, heat fluxes were measured during Phase II. There were 53 measure-
ment locations during Phase I, increased to 63 during Phase II. These locations
are shown schematically in Fig. 3 and 4. On any one test, only certain locations
were instrumented. The rest of the sensing locations were sealed with blind
covers to maintain model pressure tightness.

Blast Pressure

The majority of the measurements made were blast pressures. The trans-
ducers selected for these measurements are made by PCB Piezotronics, Inc., and
are miniature dynamic sensors specifically designed for blast wave measurements
which require very high frequency response. Two basic models were used, Model
102 and Model 109A. All Model 102 transducers have the same mechanical con-
figuration but have four different ranges (250; 1,000; 5,000; and 10,000 psi).
For those gage locations very close to the charge, Model 109A (80,000 psi)
transducers were used because of the higher blast pressures expected. This
higher range transducer does differ in mechanical configuration from the lower
range transducers.

Each PCB transducer utilizes an acceleration compensated, quartz, piezo-
electric, pressure sensing element coupled to a miniature source follower with-
in the body of the transducer. This micro-electronic amplifier converts the
high impedance output of the quartz element into a low impedance, high level
output signal. Regardless of range or configuration, all of these transdcuers
have a rise-time capability of one microsecond.

Recording of all blast pressure data was done on two, 14-track, Wideband
II FM tape recorders at a speed of 60 ips. The data bandwidth (-3db) at this
recording speed is 0-250 kHz.

Gas Pressure

For gas pressure measurements made at locations where the blast pressure
amplitude was expected to be only slightly higher than the quasistatic gas
pressure, Endevco Model 8510M transducers, with a range of 500 psi, were used.
At gas pressure locations where high amplitude blast pressures were expected
(primarily in the high bay) Endevco Model 8511A with a range of 2,000 psi, and

_4 Kulite Model HKS-375 with a range of 5,000 psi were used to sense the higher
gas pressure.

All of these transducers use a four-arm Wheatstone bridge diffused into a
silicon diaphragm. These piezoresistive transducers feature greater than 100 mV
full-scale output voltage, high resonant frequency, good linearity, and static
pressure response. These transducers capable of recording blast pressures.
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However, because of their static pressure response capability, they were set
up to sense the gas pressure rise within the model structure, while at the
same time providing a reasonable survival rate to the higher blast pressures.

Bridge power and output signal amplification was provided with Vishay
Model 2310 signal conditioning amplifiers. These units accept low-level
signals from strain gages, piezoresistive transducers, thermocouples, etc.,
and condition and amplify them into high-level outputs suitable for multi-
channel magnetic tape recordings.

Recording of all gas pressure data was made on a 14-track, Intermediate
band, FM tape recorder at a speed of 30 ips. The data bandwidth (.ldb) at
this recording speed is 0-10,000 Hz. This bandwidth was more than sufficient
to record the gas pressure data.

Temperature and Thermal Flux

Although some inner surface temperature measurements were made during
Phase I testing, and more temperature and thermal flux measurements during
Phase II, the primary thrust of the testing was to obtain pressure measure-
ments. So, we do not detail the instrumentation for recording transient
temperatures and thermal fluxes. See Ref. 3-7 for details.

Playback Electronics

The test data recorded in both phases were played back and digitized using
the system shown in Figure 5, to produce the data plots. Up to four channels
of data were played back at one time through the analog filters into a
Biomation Model 1015 four-channel transient recorder. This recorder digitizes
the incoming analog signals at sample intervals of 0.01 milliseconds or greater.
Since this unit has four separate analog-to-digital (A/D) converters, the
samples for each of the four data channcls are time correlated. The maximum
number of samples which can be taken is 1024 per channel. The A/D units are 10
bit units, which means that the analog signals are digitized with a resolution of
one part in 1024 of the full-scale voltage setting. The minimum full-scale
voltage setting is 0.1 volts.

Once the test data (or calibration pulses) are properly formatted in
digital form, the DEC 11/23 computer extracts the data from the transient
recorder memory through the CAMAC* data buss and stores them on an eight-
inch flexible diskette. A graphics terminal is used to display each data
trace for verification.

The stored data on the diskettes were read into a DEC 11/70 minicomputer;
then, the appropriate data processing plots were prepared using a Printronix
300 printer/plotter.

DATA REDUCTION

General

The test data were digitized using the equipment described in the previous
section with the following procedure. The calibration signals, 1 kHz, 1 volt

*Computer Automated Measurement and Control ANSI/IEEE-583 Buss
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p-p, recorded on each tape recorder channel prior to each test, were digitized
by the Biomation unit and transferred to the 11/23 computer. The analog filters
were set to a low pass cutoff frequency of 200,000 Hz for the calibration signal
playback. The digitized calibration signal was analyzed to establish the factor

, required to convert the test data to engineering units.

The calibration factor was calculated individually for each gage on each
test. Then the analog data were played into the Biomation recorder. The
filters were generally set at a low pass cutoff frequency of 2000 Hz for the
gas pressure gages and 2000 Hz for the blast pressure gages in the low bay.
The filters were generally set at a low pass cutoff frequency of 200,000 Hz
for the blast pressure gages in the high bay. To ensure that all data channels
were time correlated, the signal which caused the charge to explode was recorded
on channels 1 and 2 of each tape recorder. This signal, which we call time
zero, was also digitized unfiltered in channel 1 of the Biomation recorder each
time data were played back. The data digitized by the Biomation have units of
counts. The data amplitude in engineering units of psi is then determined
using calibration data for each transducer and the calibration factor also.

Extraction of Engineering Design Parameters from the Pressure Traces

The pressure records digitized as described above were examined to obtain
certain parameters useful in the design of a structure loaded by an internal
explosion. The parameters desired are:

o quasi-static pressure, PQS

o shock pressure, PS

o shock impulse, Is

o duration of shock loading, DS.

The definitions of these parameters are given in Figure 6. The maximum quasi-
static pressure is quite difficult to define because it is obscured by the
initial shock and the first few reflected shocks. Obviously, several reflec-
tions must take place before an irreversible process attenuates the shocks and
converts the energy into the quasi-static pressure. We have decided to set the
PQS by examining the record and locating the time at which the shocks appear
to be well attenuated. The amplitude at this time is then defined as the quasi-
static pressure. This point also defines the duration of the shock loading.
If we assume that the quasi-static pressure builds linearly from zero to
PQS, then the shock impulse is defined as the integral of the net pressure
amplitude above the ramp increase. This is shown in Figure 6 as the shaded
region of the curve. The shock pressures are then the amplitudes of the
initial shock and the first few peaks, again above the ranip increase in the
quasi-static pressure.

The quasi-static pressures are estimated using the same techniques as the
blast pressure records. The shock pressure, impulse, and duration were not
extracted from these records.
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TEST PLAN

Test Procedures

All of the explosive charges used in this program were provided by Mason
and Hanger. Mason and Hanger also conducted a number of tests to determine
a reliable method of initiation so that output (breakout) from the spherical
charges was as simultaneous as possible. (See Ref. 12.) Prior to conducting
the Phase I experiments, 12 PBX-9404 charges, two pentolite charges and two
TNT charges were selected at random and were assembled under the direction
of personnel from Pantex. The assembly consisted of gluing the Reynolds
Industries RP-2 exploding bridgewire detonator into the specially machined
cavity in each charge. Extra care was taken when assembling the TNT charges,
since these charges had a small PBX-9404 pellet at the bottom of the cavity
(to provide reliable and consistent high order ignition) which has to be proper-
ly seated. These assembly procedures were followed throughout the test program.

Each test began with the preparation of a data sheet which defined the
gage location, gage serial numbers, amplifier gain, charge location, and other
test information for the range personnel. The technicians would then install
the gages in the model and connect them to the instrumentation system. If a
gage had already been installed, then all exposed wiring was inspected and
corrected if necessary. The gages were checked for continuity at the amplifier
to ensure that each channel was properly connected and that the transducer was
electrically sound. The test prolog and the 1.0 volt, 1 kHz calibration were then
recorded on each of the three analog tape recorders.

A technician then examined each transducer from the inside of the model.
Any debris on the transducer diaphragm was carefully cleaned off. The Endevco
gas gages have a recessed diaphragm. The cavity on the exposed face of the
transducer must be filled with an opaque grease to protect the transducer and to
prevent a photoelectric response from the light emitted from the fireball.
This cavity was filled with a syringe prior to each test (after Test 4) with
the grease provided by Endevco. A thin coat of Dow Corning DC-4 was applied
over the diaphragm for thermal shielding. The last step in preparing for the
test was to suspend the charge at the location specified for the test. This
was accomplished by placing the charge in a portion of a fish net, and hanging
the net from one of several nuts which had been welded to the roof of the high
bay. Charge locations are shown in Fig. 7. Nuts welded to strategic points
on the floor provided additional tie-down points to ensure that the charge was
suspended as close as reasonably possible to the desired charge location. Still
photographs of the suspended charge were taken before the two manhole doors were
closed. The pneumatic valve used to relieve the pressure in the model after a
test was checked to ensure that the valve was closed, The range was then
cleared of all personnel.

At this point, the tape recorders were placed in the record mode, and the
charge was fired. The tape recorders were left on for a minimum of 10 seconds
before being turned off. Once all recorders had been shut down. the pneumatic
valve was opened remotely, and the pressure in the model was allowed to vent.
The lead technician then checked the current weather conditions and made the
appropriate entries on the data sheet. The manhole covers were opened, and fans
were placed in front of the openings to clear the detonation products from the
model. The fans were run for one hour before any personnel had access to the
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inside of the model. Then the exterior and interior of the model were examined

for any signs of damage and/or gas pressure leakage.

Phase I Test Matrix

The 12 tests planned for Phase I are summarized in Table 1. Test 0 was
planned for a leakage check of the model, but also yielded some useful transient
pressure data, so it is included in the matrix. As noted eariier, the primary
purpose of this phase was to define transient and long-term pressure loads in
areas out of the high bay, so instrumentation vlas concentrated there for most
tests in this phase.

Phase II Test Matrix

This phase included 37 tests, arranged according to the matrix in Table 2.
Here, the high bay area was instrumented more completely. Note that, in both
phases, tests in any specific configuration were replicated at least once,
and usually twice, to determine repeatability of measurements, For Tests 40-45,
the model was modified by welding a closure over the high bay door, to lower the
internal volume and increase quasi-static pressure.

TEST RESULTS AND DISCUSSION

We recorded useable data on most recording channels on all tests, except
during Tests 12, 13 and 22 when a tape recorder malfunctioned, or during most
of the tests when transducers were damaged by severe thermal, shock, -r frag-
ment impact loads.

The reduced data, in a format of one time history per page, are truly
voluminous, and appear in Ref. 4, 6, and 7. They are much too extensive to
reproduce here. Typical blast pressure records are shown in Fig. 8, and gas
pressure records in Fig. 9. The multiple shocks were quite pronounced in the
high bay area, but were markedly attenuated at almost all locations out of the
high bay. Quasi-static pressures in this gastight model quickly equilibrated
throughout the model (within 15-35 ms). The test data replicated very well,
with all features of the complex time histories of pressure being essentially
repeated during repeat tests, and small scatter in quasi-static pressure
measurements.

During the Phase I testing, it quickly became apparent that quasi-static
pressures for PBX 9404 explosive were considerably lower than predicted from
methods in Ref. 2 which are based on TNT data and comparative heats of detona-
tion of the two explosives. A summary of these measurements from the Phase I
tests appear in Table 3.

In the Phase II testing, much more data were accumulated on quasi-static
pressures, because explosive charge weight, test chamber volume and type of
explosive were all varied. The average values for PQS for all tests are
plotted in Fig. 10 versus the "loading density" W/V. The line for TNT is
reproduced from Ref. 2. Note that all data for PBX 9404 lie bclow the predic-
tion line, while data for cylindrical and cased cylindrical charges lie above the
line.
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Blast Loads in the Pantax Damaged Weapons Facility
Test No. 39 Location 40

76.0 -
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Time (ms)

Blast Loads in the Pantex Damaged Weapons Facility
Test No. 20 Location 6
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Figure 8. Blast Pressure Records

( 381



Gas Loads in the Pantex Damaged Weapons Facility
Test No. 46 Location 24
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Gas Loads in the Pantex Damaged Weapons Facility
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Figure 9. Gas Pressure Records
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Table 3. Summary of Quasi-Static Pressure Measurements
from Phase I Tests

POS (PSI) Estimated From

Blast Door Gas Gages Blast Gages
Test No. Position Pas S.D. PQS S.D.

I Closed 43.3 1.1 41.2 6.3

2 Closed 49.1 2.0 61.7 6.0

3 Closed 45.9 0.7 48.6 8.1

4 Closed 46.9 4.2 44.4 4.6

Closed 41.0 0.9 46.2 6.4

6 Closed 43.7 2.7 46.0 7.1

10 Closed 51.5 5.5 60.6 6.1

11 Closed 47.3 1.5 44.7 65l

12 Closed 49.7 3.6 - -

S46.6 :t 3.4 48.7 ± 3.6

7 Open 40.5 2.6 38.0 7.8

8 Open 40.1 1.6 39.6 4.3

9 Open 40.2 1.6 39.0 6.2

40.3 t 0.2 38.8 ± 0.8

0 Closed 77.0 6.3 85.4 10.5
(TNT)
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We realized that the quasi-static pressures in this range of loading density(' must depend on the heat of combustion of the explosive, as much as the heat of
detonation, because there is enough oxygen in the air in the chamber to allow
considerable afterburning and consequent heat addition to raise the pressure.
Measurements of heats of combustion during Phase II allowed us to adjust the
effective charge weights for the explosives, in a manner described in Ref. 5.
The high quasi-static pressures for the cylindrical charges were at first
puzzling, until we realized that both types of cylindrical charges had combus-
tible plastic discs in intimate contact, and that the aluminum casing for the
cased charges could also be partially combustible. Accounting for the effect
of these energies on the quasi-static pressure allowed us to adjust the corre-
lation with W/V, as shown in Fig. 11.

Unlike the quasi-static pressure data, there were no particular surprises
in the shock pressure data. We did note, however, that the effects of chang-
ing charge geometry from spherical to cylindrical with L/D ratio of 1:1 were
minimal. Also, the change from single spherical charges to pairs of spherical
charges with the same total weight produced only minimal changes in shock pres-
sure signals, for the particular charge location and gage measuring stations
chosen in this program.

CONCLUSIONS

We can summarize by giving the major conclusions of the Phase I and Phase
II testing as follows:

o Replication of tests yielded consistent results

o Shock loading is strongly attenuated by propagationI through the highbay door into the lowbay

o The quasi-static pressure is independent of charge location

0 The quasi-static pressure is dependent on the explosive type,
explosive weight and the enclosed volume

0 Cylindrical charges with L/D ratios of 1:1 produce shock loading
similar to equal weight spherical charges

o For the configuration tested, multiple charges yield the same
results as an equivalent single charge

o Material near the charge can substantially increase the quasi-static
pressure.

The reduced data for shock loading on the walls of the high bay area are
voluminous and could be used as a data base for verifying analytical or empirical
shock loading prediction methods in design manuals. That task was not, however,
part of the scope for this work.
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QUASI-STATIC PRESSURE, DURATION, AND IMPULSE
• FOR EXPLOSIONS IN STRUCTURES

VW.E. Baker
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Q Bruce L. Morris
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C Southwest Research Institute
6220 Culebra Road
San Antonio, Texas

ABSTRACT

Similitude analysis has been used to obtain dimensionless parameters
for peak quasi-static pressures, blowdown duration, and specific impulse for
blast loading within enclosures. Data from the United States and Europe have
been collected and analyzed, and then displayed graphically according to rela-
tionships derived from the similitude analysis. Three graphs are presented,
along with appropriate curve fits. of the peak quasi-statio pressure versus
the ratio of charge weight to enclosure volume, the reduced duration versus
the reduced pressure, and the reduced specific impulse versus the reduced
pressure.

NOMENCLATURE

A - surface area of enclosure
F - unit of force
L - unit of length
T - unit of time
V - enclosure volume
SW -unit of energy

Scharge weight
a0 -o sound speed of air
a W exponential decay constant
f - functional relationship
5 - functional relationship
h - functional relationship
ig - specific (gas) impulse
p - pressure
P0  - ambient pressure
PQS - peak Sage quasi-static pressure
Pl - peak absolute quasi-static pressure
t -time
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tax - duration
Goff - ratio of effective vent area to total enclosure surface area
Y - ratio of specific heats
V - nondimensional term
S- nondimensional duration
a - standard deviation

- (bar) - nondimensional term

A (carrot) - calculated quantity from curve fit

INTRODUCTION

The loading from an explosive charge detonated within a vented or un-
vented structure consists of two almost distinct phases. The first phase is
that of reflected blast loading. It consists of the initial high pressure,
short duration reflected wave, plus perhaps several later reflected pulses ar-
riving at times closely approximated by twice the average time of arrival at
the chamber walls. These later pulses are usually attenuated in amplitude be-
cause of irreversible thermodynamic process, and they may be very complex in
waveforn because of the complexity of the reflection process within the struc-
ture, whether vented or unvented. Maxima for the initial internal blast loads
on a structure can be estimated from scaled blast data or theoretical analyses
of normal blast wave reflection from a rigid wall. Following the initial and
secondary shook wave reflections from the internal walls, the pressure settles
to a slowly decaying level - the shook wave phase of the loading is over.
The second phase of a slowly decaying pressure is a function of the volume and
vent area of the structure, and the nature and energy release of the explo-
sion.

The process of zeflection and pressure buildup in either unvented or
poorly vented structures has been recoSnized for some time, dating from World
War II research on effects of bombs and explosives detonated within enclo-
sures. However, very little data wore available from WWlI and no attempt was
made to understand or relate the physical processes until 1968 when Weibull
[1] correlated peak quasi-static pressure versus the charge weight for a ser-
ies of experiments with TNT detonated within a vented enclosure. More recent-
ly, study of these pressures has revived because of interest in design of
vented and unvented explosion containment chambers.

A typical time history of pressure at the wall of a vented structure is
shown in Figure 1. One can see that the maximum quasi-static pressure is
quite difficult to define because it is obscured by the initial shook and
first few reflected shocks. Obviously, several reflections must occur before
irreversible processes attenuate the shocks and convert their energy to quasi-
static pressure. 7herefore, it seems inappropriate to call point A in Figure
1 the peak ovasi-static pressure, although this is the point used by Kingery,
et al. C2] to compare with code predictions from Proctor and Filler [3] and
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the Kinney and Sewell equation [4]. A better approach is to allow some time

for establishing the maximum pressure, such as point B in Figure 1. The
smaller the vent area to the total wall area, the closer the pressure at point
Swill be to that at point A, and in the limit of the vent area being zero

(that is, an unvented enclosure), the prossures at points A and B will coin-
aide.

Figure 1 also Illustrate* another problem inherent in reduction of
vented pressure date: accurate determination of duration of this pressure.
When the pressure approaches ambitnt, the shook reflections have largely do-
cayod. But, the pressure approaches the baseline nearly asymptoticly so
that the duration is quite difficult to determine accurately. A possible du-
ration tual is shown in the figure.

In spite of complexities in the venting process, Sas pressures and
their durations can be predicted with reasonable accuracy, particularly if one
differentiates between these relatively long term and low amplitude pressures
from the internal blast pressures resulting from blast wave impingement and re-
fleotion. Generally of great interest in the blast loading of structures re-
suiting from interior explosions are the peak quasi-statio pressure, the dura-
tion. and the total impulse. The following paragraphs will develop and do-
scribe relationships among various physical parameters. Functional relation-
ships will be derived from similitude analysis, but the exact functional form
cannot be ascertained from this analysis without invoking restrictive, simpli-
fyinS assumptions. However, a large quantity of experimental data, from a va-
riety of sources [1-22], allow empirical relationships to be obtained.

SIMILITUDE ANALYSIS

A model analysis was performed to determine the functional form of the
quasi-static pressure versus physical parameters pertinent to a vented struc-
ture. The problem is envisioned as an instantaneous energy release of magni-
tude W inside a confined volume V. A vent area (aeff A) exists through which
internal gases can escape, where aeff is the eOfective ratio of vent area to
total cross-sectional area of the walls. Ambient atmospheric pressure po ex-
ists initially inside and outside the confined volume. To define an equation-
of-state for the gases in this problem requires two additional parameters
which are the ratio of specific heats y and speed of sound ass Table 1 summa-
rises the parameters in this problem and lists their fundamental dimensions in
a system of units of force F, length L, and tims T.

Nondimensional numbers, or pi terms, can be developed from the list of
variables in Table 1. The assumptions in this analysis are all in the defini-
tion of the problem. Phenomena are not considered which do not have parame-
ters listed in the table. Probably the major assumption invoked is that ther-
mal effects are ignored - in other words, the pressures dissipate through
venting and not through the conduction of heat into the walls of the struc-
ture. An acceptable set of pi terms which result are:
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S P/P (0)

M!2 U± (2)n2 V2/3

1! (3)

4 A- (4):4 Po0 V

Po t

'f6 -A- (6)

Note, however, that x6 adds no new information since the impulse can be ex-
plicitly obtained by integrating the pressure with respect to time.

In general terms, dimensional analysis states that the functional for-
mat for the reduced pressure, nl, is Siven by:

SL. f (aJS A aO t 1/ so)
p p V V2/31/9 7

If we are only interested in predicting the peak quasi-static pressure, the re-
suit will not depend upon time, hence the functional form must be invariant
with respect to the last pi term. Likewise, for y a constant (as it would be
for air), the functional form will not depend upon y, hence:

-.p aa ' (8)
PO VO V 2/3

I• where I is the ratio of the maximum absolute quasi-static pressure to ambient
pressure, i.e.:

+Po
p0
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and pQ8 is the conventional Sage quasi-static pressure. Provided the flow
through the vent is small relative to the rate of energy release, the maxiams
pressure will occur before significant venting has transpired. And since the
ambient pressure is essentially an invariant, Equation (8) can then be written
for the maximum quasi-static pressure:

Pas , f [I (10)

The blow-dovw time, or duration, can also be expressed as a functional
relationship with respect to the other pi terns:

, = ... 1. (11)
V /3 IJO_ V2/ 3  

' 'P 0 VjI

But it Just has been shown, if the maximum quasi-stetic pressure is reached
before significant venting occurs, that the last term W/(poV) is a function of
the first term, p/po. And, since y is an invariant, Equation (11) becomes:

-t 
a

j 0m (12)
v1/3 0 V2/32

Based on a theoretical analysis of chamber venting by Ovosreok [22],4 Baker and Oldham [241 showed that

t a 1

SV1 /3  (Gntf A)

I or

t a 
(14)

a (aaf f A)

In physical terms, Expression (14) states that the blowdown time is directly
proportional to the chamber volume divided by the effective venting area, not
an uezpected result. Expression (13) thus allows us to simplify Equation
(12) by defining a new scaled time V:
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7hus, the scaled duration is also only a function of the reduced pressure.

T7he last relationship to obtain is a nondimensional, or reduced, im-
pulse IV* Figure 2 shows a simplified form for sga venting pressures. In
this simplified form, the gas venting pressure is assumed to follow the solid
curve which rises linearly from time zero until it reaches, at time too a
curve which is decaying exponentially from an initial maximum value of pl,
where P1 is the absolute quasi-static pressure at time t.- 0. The decay then
follows the time history

p(t) - p1 @-at (17)

until It reaches ambient pressure p0 at time t - tg~a. Mhe exponential decay
is shown to agree well with experiment (Kingery, et al. [2), and Schumacher,
et al. 151). The cross-hatched area under the overpressure curve is defined
a the gas impulse io, and is found by integrating Equation (17) with respect
to time:

g a

P~t, -Pl°ct '17

a ' a) p0  maxlg

The duration, tuaa, will be obtained from Equations (15) and (16). Likewise,
as will be shown later, the exponential decay factor. o, can be written in
terms of tmax and IF . As stated earlier, the impulse can thus be found ex-
plicitly from the other nondimonsional relationships, but it is still useful
to display the impulse graphically. Since the impulse depends upon the duraý-
tion and the pressure, and the scaling factor for tinm is given by Expression

toitooA

(4,t hen of suitable ah.ics of to raseterst tho scauleo• the mulse ios: o

g p 0 V
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Figure 2. Simplified Pressure-Time History for VOnting
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aut the maximum pressure and the sealed duration are functions only of the re- ,'i

duced pressure, hence

sM hfLj (20)

Equations (10). (16). and (20) express the functional relationships be-
tween the various physical parameters. The next section will empirically
determine the functional forms via ourve-fitting of experimental data. How-
ever, a brief discussion of the effective vent area ratio, actf, is in order.

Venting can be geometrically quite complicated for some structures,
particularly those structures referred to as suppressive structures which of-
ten have three to six wall layers with various staggered venting patterns so
fragments will not escape the confinement. For multi-walled confinement, an
effective vent area ratio must be computed. To conpute Geff for a multi-
walled structure, we have used

N
_1_ N _ (21)
Q Off i = 1 Q i

where N is the number of elements in a suppressive structure panel. Although
no proof of this relationship is presently possible, it does reach the appro-
priate limits for small and large numbers of plates. For example, if only one
plate is present, aeff - a 1 as'it should. If an infinite number of plates is
present, aeff - 0, with the flow completely choked. If one of the plates is
solid, and thus has a zero a, aeff - 0 as it should. If all plates have the
same value for a, aeff - aIN, which is a number smaller than a for a single
plate as would be expected. In each member, a is defined acoording to:

A
S a M (22)=wall

For plates, the meaning of this definition is obvious. However, in angles and
louvres, the definition is less obvious since angles and louvres are more
efficient in constricting flow than are plates with holes. Details for comput-
ing the a's for more complicated geometries can be found in Baker and Oldham
[24] and Baker, et al. [25).

GRAPHICAL DISPLAY OF DATA

The preoceeding discussion determined which physical parameters are in-
terrelated. This analysis permits the judicious choice of parameters to
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display experimental data graphically. Equation (10) states that the peak
quasi-static pressure is only a funotion of the charte energy-to-volume ratio.
Thus, a plot of experimental data of PQ8 versus W/V will determine this funo-
tional relationship. Figures 3 and 4 display the data from 177 tests. and as
can be seen, the experimental data range over several orders of magnitude.
Figure 3 is a graph of the data in metric units, while Figure 4 is the identi-
cal graph except it is displayed in English units. The data include tests
conducted with the following high explosives (HE): TNT, PETh, PBX-9502, 50/50
Pentolite, dynamite, C-4, Coup B, and RDX.

One approximation has been made in plotting these data. For any given
high explosive, the charge energy is directly proportional to the explosive
mass. Also, the energy-to-mass ratio for most high explosives is approximate-
ly the same. Figures 3 and 4, for convenience, use the mass of the explosive
for the symbol W. No attempt has been made to normalize all the high explo-
sives to TNT since the scatter in data from experiments with the same high ex-
plosive often masks the effects of slight variations of the energy-to-mass ra-
tio differences between explosives. (For carefully controlled experiments,
the differences in effects of energy variation between explosives can be mea-
sured. Indeed, for a series of experiments conducted by Hokanson, et al.
21l, where quasi-static pressures were measured for bare explosive and the

same explosive mass encased in plastic and aluninum, the contribution of the
oxidized casing to the peak quasi-statio pressure was theoretically computed
and measured experimentally.) It should be noted, however, that if explosion
scenarios other than HE detonations are of interest, e.g., various fuel/air
mixtures, then the TNT equivalent weight should first be determined and then
used for W if these graphs are to be used to determine the peak quasi-static
pressure.

It is reasonable to expect the peak quasi-static pressure to be direct-
ly proportional to the charge weight, and examination of the data in Figure 3
confirms this supposition for small and large W/V. For intermediate values of
W/V, a transition region is evident. For W/V ( 0.4 kg/i 3 , complete oxidation
of the explosive occurs. But if W/V is too large, insufficient oxygen is
available to convert all the potential energy available in the explosive
charge, and the energy release is reduced by the ratio of the heat of detona-
tion to the heat of combustion. Thus, for W/V ) 11.0 kg/i 3 , the primary oxi-
dizer available is that in the explosive itself. A transition region, 0.4 <
W/V ( 11.0, connects the two regions. Linear least-squares curve fits have
been performed on the data in the two end regions, and are shown in Figure 3.0
A seventh-order polynomial of the form:

• All curve fittings in this article have been performed in log-log coordi-
nates. Linear thus refers to the form of the curve in a log-log plot.
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log PQS :+ a1 log (W/V) + a2 (log (V/V)] 2 + a3 [log (W/V)] 3 +

a4 (lo / (WlV)J4 + a, [log (W/V)]$ + a6 [log (W/V)]6 +

a7 [log (W/V)] 7  (23)

was then used to curve fit the entire range of data, where log represents the
logarithm to the base 10. Such a high order polynomial is requited because of
the number of constraints: the slopes and intercepts at each end, the points
where the polynomial connects with the straight lines, and the constraint that
the curve be a least-squares fit. This is a total of seven constraints which
stipulates at least a sixth-order polynomial for the curve fit. But the ap-
pearance of the data in Figure 3 implies that an odd function (as opposed to
an even function) should be used. Hence, a seventh-order polynomial becomes
the minimum order polynomial stipulated. Table 2 lists the coefficients of
Equation (23) as well as the linear expressions for the two asymptotes. Table
3 lists the comparable coefficients and asymptotes for pressure in psi and W/V
in lb/ft 3 (Figure 4).

The standard deviation for Equation (23) has also been computed but
needs to be interpreted properly. The standard deviation, a, is usually used
as an estimate of the scatter in data, or error in predictions. One standard
deviation encompasses approximately 68 percent of all data values. The uncer-
tainty in estimating an observable is often written as the calculated quantity
plus or minus one standard deviation:

log PQS - log P (24)

where PQS is the estimated quasi-static pressure, pQS is the computed quasi-
static pressure from the curve fit, and a. is the computed standard deviation.
Define ao such that

lot "o (2S)

The right-hand side of Equation (24) can then be written as

log p log @o (26)

so that Equation (24) can be rewritten as:
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4 Table 2. Summary of Peak PQS Versus W/V

X[Pa Versus kg/. 3 1

lot PQS 0.30759 + 0.51815 log (i/V) - 0.150534 [log (W/V)]2 +

0.31892 [log (W/V)I3 + 0.10434 [log (W/V)] 4 
- 0.14138 [log (W/V)5 +

-0.019206 [log (W/7V)6 + 0.021486 [log (W/V)] 7

Correlation Coefficient, r: 0.993

4, One Standard Deviation: o 1.247

A
20 Pa.. 1.247 p
1.247 P'S 24 1 QS

Asymptotes:

/WV S 0.4 kg/m3 A 2.347 (W/V) 0.8395 1.143S• ~PQS 0 .47o

W/V 2 11.0 kg/r - 1.1004 ( ./V)9 2 0 2  1.300
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Table 3. Sumary of Peak PQS Versus W/V

[psi Versus lb/ft 3 ]

log A 3.3138 + 0.952133 log (W/V) + -0.023074 [log (W/V)]2 +
3

- 0.317807 [log (V/V)]3 + 0.149364 Clog (V/V)]4 + 0.374595 (In (W/V)]5 +

0.161978 [log (W/V)]6 + 0.021486 (log (/V)l] 7

Correlation Coefficient, r: 0.993

One Standard Deviation: oo - 1.247

A
p A

1.247 . PQS 1 1.247 PQS

Asymptotes:

lbf3  A 0.*8435
V/V 5• 0.025 lb/ft PQS - 3495. (V/V) .0 - 1.143

V/V Ž. 0.70 lb/ft 3  PQS = 2049. (V/V) 0 9393 = 1.300
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log (pQ8/aol l . log PS "s log (a° 1 (27)

A

!U1 (28)

Tables 2 and 3 Sive ao, as vell as the correlation coefficient (which is a
measure of tke confidence of the curve fit).

Hers we would like to mention our uncertainty of whether the slopes of
the two asymptotes should have the same value. The slopes are not appreciably
different, and particularly with the scatter prevelant for large V/V. it is
not unreasonable to speculate that the slope should be identical. However,
for the present, we have elected to report the linear least-squares, that is,
the best fit to the data.

In deriving Equation (10), the assumption was made that the flow
through the vent (for aeff 0 0) is small relative to the rate of energy re-
lease so that the maximum quasi-static pressure occurs before significant
venting has transpired. Keenan and Tancreto [22] obtained no measurable
quasi-static pressure for values of (aeff A/V2 / 3 ) 1. 0.772. Of the data plot-
ted in Figures 3 and 4, the maximum reduced vent area ratio was 0.3246. Thus,
Figures 3 or 4, and Tables 2 or 3, are valid for

ae ff (29
0 1 V2/3 j. 0.3246 (29)

For a vented enclosure (aeff 0 0). Equation (16) suggests that the du-
ration, V, be plotted versus the reduced pressure, i, given by Equation (9).
Seventy of the data points from Figure 3 or 4 represent vented enclosures, and
these are plotted in Figure 5. It can be seen that the duration has consider-
able scatter because of the difficulty in determining when the overprissure
has returned to ambient. Note, however, that the uncertainty in duration has
negligible impact on the impulse since the total area under the pressure time
curve is not sensitive to the exact location of tmax. A linear least-squares
curve fit has been performed on the data and is shown in Figure 5, and the re-
sults are summarized in Table 4.

From the linear curve fit, it is straightforward to compute tme, from
Equation (15) as a function of F:

+ .......
tine: - a a ff A (0.4284) (g: P 0)(30
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Table 4. Sumary of T Versus J

t a A

V 1/3 V2/3

+ po

Pu p0

Linear Curve Fit:

^ (i7-o03638
- 0.4284 (06

Correlation Coeffiocent, r. 0.799

One Standard Deviation: o- 1.50

A
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The constant a in Equation (17) *as now be evaluated:

"-o t
Pc (PQs +p P) 0 max (31)

t in (32)ma o

The specific impulse is then obtained from Equation (18), which after some re-
arrangement of terms, reduces to:

where r Is given by Equation (9) and tmne is given by Equation (30).

As we have already stated, and just shown with Equation (33)° the spe-
oific impulse can be obtained directly from the peak quasi-static pressure and
the duration. However, because of the interest in specific impulse for com-
puting the loading of structures, it is often convenient to have a graphical
reproepmtation of specific impulse. Equation (20) indicates that an appropri-
ate parameter for the abscissa is the reduced pressure. Sufficient informa-
tion was reported to compute specific impulses for 75 of the tests. Figure 6
displays these reduced impulses, ig# versus the reduced pressure. A linear
least-squares curve fit was also performed on these data, and is displayed in
Figure 6. Table 5 sumarizes the curve fitting information.

Quadratic least-squares curve fits were also performed on the data in
Figures 5 and 6. However, the standard deviations differed by less than seven
percent between the linear and quadratic curve fits for duration, and differed
by only two percent for the reduced impulse, A two-sample comparison of vari-
ance was performed using the F ratio test at a 99 percent confidence level,
For the linear and quadratic curve fits to be different statistically, the ra-
tio of their respective a'* must exceed approximately 1.7. Since the ratio of
their a's is much less than 1.7, there is no significant difference in the
linear versus quadratic curve fits -- hence, only the expressions for the lin-
ear curve fits have beon reported.

SUMMIARY

A sizeable quantity of data have been compiled and analyzed to obtain
peak quasi-static pressure, and the duration and impulse for explosions within
structures. Similitude analysis indicated an appropriate choice of parameters
for graphically displaying the data. Peak quasi-static pressure was found to
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Table S. Siery of *i Versus p

go 0

PA- PoY

p Po

Linoar Carve Fit:

S0.0953 (P)

Correlation Coefficlent. r: 0.977

One Standard Deviation: oo - 1.53

AA

1.53 53
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be a function of charge weight to chamber volume. Also, a nondimonsional dur-
ation and a nondimensional specific impulse were found to be functions only of
the reduced, i.e., nondimensional, pressure. Ike data range over several or-
der& of magnitude and have thus boon presented on log-log plots. Least-
squares curve fits have boen performed and reported, with their standard devi-
ations, to provide appropriate analytic functions to relate the physical pa-

measters. Thus, for hkih-order detonations within enolosures, the peak quasi-
;tatio pressure, and if the enclosure is vented, the duration and specific in-
pulse, can be ascertained from the graphs on the respective analytic expres-
sions.
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ABSTRAC

The purpose of this paper is to present the development
of a new steel containment vessel to contain the explosion
effects of two Viper rounds. The containment vessel was utilized
in a production facility for the load/assemble and packout of
"Viper rocket systems. At one stage of the production process,

0 continuity checks must-b'e made on the live rounds. During this
operation, there is a rpmote potential of accidental initiation,
thus, a need arose to-potect personnel from the explosion effects
of the Viper rounds.

A vented cointainment vessel was developed to permit the
explosion products to be vented out'through the roof of the pro-
duction facility. The containment vessel was designed to contain
metal fragments, blast and shape charge effects. At the same
time, the Viper rounds could be easily moved into and out of the
containment vessel without hazard. During this development, addi-
tional fragmentation and blast output tests were conducted to
determine precise output of the Viper rounds. This data yielded
lower blast output than did previously recorded information.
Thus, in the original design of the containment vessel, higher
blast output and fragment effects were considered. The contain-
ment vessel of 6 ft. diameter by 30 ft. high can withstand 125
percent TNT equivalence of the two Viper rounds without deforma-
tion or adverse effects on personnel.
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INTRODUCTION

In 1980, General Dynamics Incorporated rebuilt an aban-
doned loading facility at Camden, Arkansas for the-purpose of
load/assemble and packout (LAP) of Viper weapon systems. In
the Viper Production Building, a critical electrical continuity
check is required on the Viper round assembly. As a safeguard
to personnel and facilities, a containment vessel was necessary
to contain an accidental initiation at this point.

This vessel must contain blast output, fragments and
shape charge effects to prevent hazard to personnel in the areas.

RISI Industries located in Chula Vista, California was
contracted by General Dynamics to supply various shields, tables
and tooling for the LAP operations. RISI Industries had con-
tracted Safety Consulting Engineers, Inc. to develop a safe
structural design against blast, fragments and shape charge for
the containment vessel. The SCE analyses supplied RISI Indus-
tries with the parameters sufficient to provide detailed design
of the containment vessel. In addition, Safety Consulting Engi-
neers, Inc. was contracted to conduct qualification tests on the
production containment vessel to be supplied to General Dynamics.

VIPER ROUND CHARACTERISTICS

A. Configuration

The Viper round consists of a rocket motor attached
to a warhead assembly as shown in Figure 1. This entire round
is placed into a launch tube and sealed accordingly for shipment
to the field. The launch tube assembly contains the electrical
power pack to charge a capacitor to fire the warhead and also to
initiate the rocket motor. Normally, the sequence of events of
firing the round is that of charging the warhead initiator power
capacitor and then initiating the rocket motor. The rocket motor
fires for approximately one second. The shape charge warhead is
armed at a specific distance from the initiating point and is
initiated upon impact with the hard target.

B. Blast Output

For the initial design input of the containment
vessel, blast output data obtained at ARRADCOM on LX-14 billets
(see Reference 1) was utilized. The peak side-on pressure and
impulse for LX-14 as compared to TNT is shown in Figure 2. Since
the TNT equivalency values of LX-14 appeared to be extremely high,
additional TNT equivalency and blast pressure measurement testing
was conducted of the Viper rounds. As a calibration, one pound
of Pentolite charges were detonated. The results of the SCE
blast tests are also shown in Figure 2. The peak reflected pre-
ssure/impulse of airburst TNT charges and LX-14 equivalent charges
are shown in Figure 3.
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This data is utilized for the design and structural considerations
of the containment vessel from a blast standpoint. The TNT scaled
"distance-blast pressure and impulse data was obtained from Ref-
erence 2.

Previous TNT equivalency tests conducted on LX-14
per Reference 1 utilized cylindrical LX-14 Viper billets. To
correlate this data to cylindrical TNT charges, correlation
factors as given in Reference 3 are needed. The ratio of the
cylindrical cylinder to sphere pressures as a function of scale
distance is shown in Figure 4. Thus, for ,a scale distance of 5,
the peak pressure of the cylinder is between 1.6 and 1.85 times
that of the pressure of a sphere. Thus, when TNT equivalencies
are being calculated, significant error can be realized in re--
porting blast output of cylindrical charges.

C. Fireball Size

Fireball radius of an explosive charge can be deter-
mined from equations in Reference 2 as a function of charge
weight. The diameter of the fireball and the fireball duration
can be calculated by utilizing the following equations taken
from Reference 4:

IDf = 9.56 W0 . 3 2 5

tf = 0.196 W0.349

where

Df = fireball diameter, ft.

tf = fireball time of duration, seconds

W - charge weight in pounds

Calculations were made frcm 0.5 to 4 pounds charge
weight to determine the fi.reball radius and duration of time.
The results of these calculations are shown in Figure 5. Actual
LX-14 test data as recorded from Reference 1 indicates that the
fireball radius is 4.5 ft. This radius is less than the radius
of an equivalent TNT charge at one pound.

D. Fragments and Missiles

The case fragments, weight and velocity and distri-
butions for the Viper round as obtained from Tecom testing per
procedure TOP/MTP4-2-813 as reported in Report No. FRNOP-82754
is shown in Figure 6. Here, we see that the average aluminum
case fragments are propelled at approximately 6,000 ft. per sec-
ond and weigh between 5 to 10 grains. This data was utilized
for the design of the fragment shield portion of the containment
vessel.
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E. Rocket Firing

The rocket, if accidentally initiated, has a total
burn time of less than one second imparting a peak velocity to
the round of about 900 ft. per second. Thus, the round must be
adequately contained in the containment vessel so that if an
accidental -ocket firing should occur, the round will not move.

DESIGN PHILOSOPHY

The containment vessel was to be designed to occupy mi-
nimum space in the production facility and yet aid the production
flow in the electrical checkout of the round. A vented contain-
ment vessel would provide the smallest occupied volume in a pro-
duction facility, and thus was selecteu for this application. A
cylindrical-shaped containment vessel was chosen to provide easy
access and maximum strength for configuration and volume. An
inner fragment shield was incorporated to assure integrity of
the blast shield structure. Fragment impacts generate stress
concentrations in the primary blast containment vessel which
could lead to failure over a time period. The containment vessel
was designed so that two Viper rocket assemblies could be moved
into the chamber at one time and be electrically checked in a
remote condition. Thus, two round feed doors are needed which
would operate simultaneously to open both the fragment-shield
portion and the outer containment vessel. The shield opening
elevation should be convenient for the operators so they can
move rounds in and out of the shield without difficulty. A
summary of the design criteria is shown in Table 1.

CONTANINMENT VESSEL DESIGN

A. Fragmentation Shield

Calculations were made to determine the fragment
velocities necessary for penet.rating various mild steel plates
using techniques from Reference 2. Aluminum fragment weights
versus fragment velocities required to penetrate three steel
plate thicknesses are shown in Figure 7. Here, we see that an
aluminum fragment going at 10,000 ft. per second would penetrate
a steel plate of a half-inch thickness if its weight was greater
than 40 grains. A creditable fragment velocity and weight as
seen from Figure 6 is approximately 9,000 ft. per second and 30
grains respectively. Thus, we see from Figure 4, that a half-
inch steel plate would be adequate to prevent penetration of
aluminum fragments from the warhead. Based on the round height
in the containment vessel of approximately three feet, the max-
imum height of the fragment shield should be seven feet to pre-
vent angle-spray impact onto the exterior containment vessel
walls.
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B. Containment Vessel Configuration

The containment vessel will be vented through the
roof of the existing production building. The vent should be
designed so that the maximum blast side-on pressure emanating
from the end of the vent is less than 2.3 psi. The stack vent
peak side-on pressure was calculated using techniques in
Reference 2. The incident pressure outside of the stack was
calculated using the following approximate equation:

PS 290[L A 0. .401 9I/R• 1.496

V290

where

R = A-distance from the stack exit to the point
of interest in feet

W = Charge weight in pounds

Thus, for a 3.76 pound TNT equivalent charge ini-
tiated in the center of the containment vessel, the peak side-on
pressure at the stack outlet as a function of height from the
floor is illustrated in Figure 8.

C. Vessel Blast Constraint Configuration

Blast analysis in accordance with Reference 2 was
conducted on the cylindrical containment vessel design to esta-
blisl; the optimum wall thickness of the outer blast containment
vessel, the height of this vessel, and its structural integrity
elements. Response equations were utilized to evaluate the
effect of the shock pulse and gas pulse on the cylindrical
structure. Optimization studies were conducted to determine the
maximum height of a six-foot diameter cylinder to reduce the
blast loads and gas pressure loads on the structure. Studies
were conducted on vent diameters of 40 inches. A summary of the
structural calculations for the inner fragment shields, the outer
blast shield, transition and the stack are found in Table 1.
Maximum deflections of each of the components were also calculated
and listed in the same table.

A 12-foot high by six-foot diameter blast containment
vessel of 0.75 inches thick was obtained to assure structural
integrity of the containment vessel under a 3.76 pound TNT equi-
valent explosion charge (maximum output of two viper rounds.) A
final structural configuration is illustrated in Figure 9. Inner
fragment shield thickness was calculated to be one inch to insure
its blast load structural integrity. The outer shield can safely
withstand the blast loads with a wall thickness of 0.75 inches.
The stack wall thickness of 0.5 inches is adequate to maintain
stack structural integrity.
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SPECIAL DLSIGN CONSIDERATIONS

A. Access Door Analysis\

The maintenance access door was necessary to clean
out the interior of the containment versel from time to time.
It is desired that the maintenance dogr be as far away from the
rounds in the design configuration to minimize the load on the
door. The door design selected was an interior door placed on
the interior of the blast containment vessel area so that loads
imparted into it would be distributed onto the outer shield lip
area. By utilizing techniques in Reference 2, the door thick-
ness and position from the Viper rounds was optimized to maintain
maximum door integrity. The overhang of the door was selected
based on the blast stresses imparted from the door into the
containment vessel. Peak reflected pressures and durations were
calculated for the expected locations of the door. Explosion
blow-down times were calculated and the access door natural
period was determined. With this information, the structural
resistance of the door could be calculated. In addition, the
reaction loads on the door were also calculated. The door with
the wall thickness of 0.75 inches meets structural integrity
satisfactorily as a result of the explosion environment. The
door was positioned approximately 5.5 feet away from the center
of the potential burst to minimize the structural loading on the
door. The final configuration of the access door is shown in
Figure 10. Here, we see that there are six tabs that secure the
door snugly up to the shield opening with a two-inch lip area
around the opening.

B. Round Feed Doors

The rocket assembly feed door had to be at least 36
inches high and as wide as structurally permissible. Door loca-
tions were directly in line with the round in a horizontal direc-
tion. Structural analysis was conducted to determine the minimum
thickness of door required and the maximum width of door permitted
to maintain structural integrity. Also, the degree of overlap on
the door wac also determined. Both the fragment shield door and
the containment vessel doors would operate simultaneously in
opening and closing and would be placed on the interior of the
respective walls. Natural frequencies were calculated for each
door based on various door thicknesses and door widths. Calcula-
tions then were made of the pressures and response times of the
blast wave and gas pressure pulse. The structural response and
structural resistance to blast of a 3.75 pounds of TNT equivalent
explosive were analyzed. The reaction forces on the door were
also calculated by using methods in Reference 2. Dynamic stress
loading on the door was calculated looking at the height and
width effect of the door. These results are calculated as shown
in Figure 11. According to this data, the maximum width permis-
sible when stress reaches a minimum condition was approximately
9 inches.
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By using energy methods, the calculated structural
resistances and ductility ratios were calculated. From these
calculations, the door width of 9 inchis was most desirable
because stresses were minimized at this width. As width in-
creased from this level, the stresses reached failure levels.

By utilizing two-inch wide flanges around the open-
ing in the fragment shield and the containment vessel exterior
wall, the loads imparted to the wall by the door will be within
safe limits. For a nine-inch wide door by 36 inches high, the
reaction load imparts a stress on the long side of 19,471 psi
and on the short side of 3,519 psi, both well within structural
limits. Final configuration of the round feed door is shown in
Figure 12. The two-inch wide flange welded to the exterior wall
of the containment vessel is noted.

C. Door Cutout Stress Concentrations'.

Stress concentration analysis was performed on the
two (2) round feed doors and the maintenance access door. The
objective of the stress analysis is that of determining the mini-
mum radius at the corners of the door cutouts to assure that the
integrity of the structure will be maintained. Stress concentra-
tion factors for elastic stress and equations were used from
Reference 5, "Formulas for Stress and Strain" by Roark and Young.
These calculations yielded a minimum radius at the corners, of one
inch for both the round feed doors and the access doors. In addi-
tion, a flange approximately two inches wide should be placed
around the door cutout at the round feed station. The radius
of curvature is shown in both Figures 9 and 11, as incorporated
in the final design.

D. Shape Charqe Effects

To mitigate the shape charge effect in case of an
accidental initiation of the Viper round, five one-inch thick
armored plates at various angles and spacings were utilized below
the charge. Thus, if a shape charge should initiate, the effect
would be mitigated before the steel bottom plate would be hit.

CONTAINMENT VESSEL QUALIFICATION TEST RESULTS

Based on SCE TNT equivalency tests of full-up Viper
rounds, the maximum explosive weight of TNT in the containment
vessel is considerably less than previously designed. Actually,
for a 125 percent overtest in the containment vessel, a total
weight of Pentolite explosive charge of 2.8 pounds is required.
This would simulate 125 percent blast output of two Viper rounds
going off at the same time. The containment vessel detail design
by RISI Industries was fabricated by FEECO Corporation of Green
Bay, Wisconsin and shipped to Safety Consulting Engineers', Inc.
test site in Freeport, Illinois. The containment vessel as shown
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in Figure 12, was erected for testing. Appropriate high-upeed
movie cameras and blast preossure gauges were utilized to moni-
tor the qualificiation tests. The first qualification test was
conducted by detonating ont Viper round inside of the contain-
ment vessel. The second test was run by detonating 2.8 pounds
of Pentolite charge in the containment vessel center to simu-
late 125 percent blast output of two Viper rounds. In both
qualification tests, no fragments or blast overpressures were
sensed in the vicinity up to thirty feet from the containment
vessel. A small puff of escaping gas was noted at the initial
detonation but stopped instantaneously according to high-speed
camera coverage. Thus# the containment vessel met the re-
quirements of the production facility and safety requirements
by being able to withstand the fragmentation, blast, fireball
output, and shape charge output of two Viper rounds. Actually,
the shield easily withstood 125 percent blast overpressure in
accordance with the military requirements.
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TABLE 1I CONTAINMENT VESSEL DESIG-N CRITERIA

PARAMTER SUGGESTED LIMITS

1. Minimum Floor Space 6 ft. Diameter

2. Separate Fragment Shield Vertical cylinder
Configuration

3. Fragment Shield Height To stop fragment
spray at ends

4. Fragment Shield Thickness To stop fragment
penetration and
withstand blast effect

5. Vent Configuration & Cylinder & diameter
Diameter based on minimizing

gas pulse load onto
structure

6. Vent Height To reduce blast over-
pressure below 2 - 3
psi at top of vent

7. Outer Blast Containment Vertical cylinder
Vessel Configuration

8. Outer Blast Containment Based on blast & gasVessel Configuration pressure loads ontoThickness structure

9. Method to Hold Rounds Dolly with propagation
shield on it to move
in & out of vessel

10. Round Entry 2 doors that open
simultaneously

11. Electrical & Mechanical Fitting & maintenance
Entry door

12. Heat Effect Angled plates

13. Bottom SoaleJ

424 )



o- V- cc,

m Mn 001)~

in a 0 0r N 0 m N r

m1 rf 4 * 1- w4 N

14

E49

M 00 F -4 C4 N N *m D 0

4) 4', 1= C; 0

00

1.i

41

CACO-4t- %1 0En % ' % C

.0 
a 0 ;1 % * 9

H 44 &H-I k 0 00
E4 0 FA #4 44-A 4

.94 X 1 0

o r4 c1 (a'o 4 F- -

C.) 0 4 0 0 A r- S -

44l w IA 4 4 a-l #

44 r4 - 4 u.; a;, o.- c;.4.49

LA .-. .425 '0 0



-7

, i,



(I. Scaled Distance Z - R/w1/3 (ft/lb 1' 3)

4~-l4 Ptebq4r tand 1*4s

10,000 .: : :I 'T i I10,000

I ",\Q00O/W
1 13

oi,ooo

"1,000 .. .H0.0
WIIi

FAA

CA1A

ato

100 ,::2100 N

TNT
iCn

S. .. ... .. •,i . H%& . •I

10 1

S. . .. t , 1 . . . .
1:- . 11+ I C .. J. .

--4-E u1L d G, . .....

Figure 2. Peak Side On Pressure and Impulse For TNT Air Burst
Charges LX-14 Billets (Reference 1) and SCE Results
of Viper Rounds

427

-~ ... ~A



Scaled Distance Z - R/W1/ 3 (ft/lb 1 / 3)

0.1 1 10 100
100,000 F.- . 1000

l I I-'• t i'. ... Tt"' 141-•'il911
S..... . ' ... I'-; -' : ... . 4. .. i ; •- • . .. .+ .- . -r-r ,.

,10

It -
4 -Z•4+,i * .... ......
w . .. , - , . . . . . . : ... .• ..... - .-' ,

4. . •---O ...1'-•0•10
S- ..-YT~.

•" 1 /

"••o lO "......... ......................... ..
4.........................

*.. 10 4 jj ' 0.1

T2.I t

0.01

Figure 3. Peak Reflected Pressure and Impulse - Air Blast
Charges of TST Charges and LX-14 Equivalents
(Estimated From Reference 1)

428 0



ib

L

Scaled Distance (ft/lbI/ 3)

4 6 8 10 12 14 16

2.2 T J

2.0

1.8

* Mi'• . i. w h cvii nders mnade in

plant, noinlmd tu cylinder axis

* 1.6

i•~~~ atJ~f; di,.s hwetwt-en 2A! and 1(-'1

Sl~oI li-

0.8

| II1.4 IIIII IIIi

Figure 4. Peak Overpressures From Cylindrical Charges Compared
to Peak Overpressure From a Spherical Charge of the

(• Same Equivalent Weight
e 429

• SeeRefernce

.4.) qij - Al•. : .... i-m. mh r•i •i h lvm ie •t d Iameteri''••-



8

*.p.

7I K ~1 IT

* I L

K .. 4

CO t ~.0.32

.~ tix~x~"~~ L ~0.30

1 w.~ 

, 
0.2 6

0.22

'13;- 0.20
-. ~ I.0.]8

1 2.1

TNT Charge Weight -lb

Figure 5. Calculated Fireball Radius and Duration for Various

Charge Sizes

430



v f

!• Average [
S~~Ve loc ity

(ft/se'c)

10,000 40

4-)

3 0 )

6,000 20

$z4

4,000 1i

I/A

2,000

80 100 120 140

Angle
0

Figure 6. Case Fragment Velocity and Weight Distribution From
Viper Round

431

. -. .



100,000

Steei
Plate
Thickness (Ind

1.0oo

VFps 
0.75

4J

"4 0,000 
050

3,000 L_ 
_

3 10 30 60 100

Aluminum Fragment Weight - grain

Figure 7. Fragment Velocity Required to Penetrate Mild SteelPlates at Various Aluminum Fragment Weights432



6 7 '7717,777 7:r-7

Pressure .I

at 1 L
Stack .L

(psi) 7-i

2 L

16 18 2 2 24 2 8 3

Stac Hegh Fro Foo

Figre8. en SackOule Pea S i.eO rsueVruStak High (2Rouds

433_



FraI6 t7

Doo Proagato

Door Shield C

.,Round Entry

-- Def lector

A A

JAI

Figure 9. Viper Containment Vessel Design

S~~434"



Figure 10. Maintenance Access Door
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S Behaviour of Gun Propellant to

Ignitions of Different Intensities

Roland Wild

Bundesinstitut fur chemlsch-techpische Untersuchungen (BICT),

~ ~ GroBes Cent, 5357 Swisttal-Heimerzhelm, FRG

0

* 1. Introduction

In the case of large calibre ammunition,for example 105 mm and 120 mnn,a

-Z uniform and accurate ignition of the propelling charge is of great im-

portance.

A poor ignition may not only lead to a spread of the ballistic data (e.g.

I initial velocity of the projectile); the gas pressure inside the barrel

may become so high, that the strenght of the barrel-material may be ex-

ceeded and hence the gun can be totally destroyed, even fatal casualities

may happen.

It is known by experience, that different gun propellants react in

different manner to poor ignition. Therefore it is desirable to have a

small scale test at one's disposal (which can be performed in the labo-

ratory) by means of which it can be checked which gun propellant responds

in a dangerous manner to a poor ignition.

Such a test should be not too expensive and nevertheless should yield

reliable data.

In the following a test method is described which meets the above mentioned

requirements._• , •,441



2. Description of the test method

A sketch of the experimental set up is shown in figure 1. The propellant, .k

with a mass of about 500 g is filled, with its bulk density, into a

seamless steel tube, which is open at one side. The tube has a length of

350 min, a wall thickness of approx. 5 mm and an inner diameter of 50,8 mm

(2 inches). An igniter (fig. 2), also made of steel is fixed at the closed end of

the tube. The tube then, with its open end is put onto a steel block. A

quartz gage for measuring the pressure (up to 0.7GPa) is built into this

steel block. When performing the test, a steel block with a mass of 18 kg

is put onto the whole assembly.

For igniting the propellant we use quite normal black powder. The amount

of black powder, which is filled into the igniter can be varied.

Up to 22 g black powder can be packed into the igniter.

The test output is the pressure in the steel tube (measured by the quartz)

produced by the different igniter strengths.

The tubes rupture at pressures of approximately 0.08 GPa, therefore the

burning of the propellant can be monitored, under normal circumstances, up

to a pressure of 0.08 GPa.

3. Results

In figure 3 typical pressure time histories, which were recorded when per-

forming the tests, are shown.

It can be seen, that in the case of a weak ignition (5 g black powder) a

regular burning of the propellant occurs, when using stronger ignition

conditions, the burning characterics significantly change, in other words

442 3
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the pressure rise time drastically decreases, and in some cases even pressu-

res up to 0.7 GPa are produced. Though the steel tubes normally rupture at

pressures of 0.08 GPa, the pressure rise time in this case, is so fast, that

due to the inertia of the confinement, such high pressures can be attained.

4. Applicability of the method and discussion

In order to check the applicability of the test method we performed the

test with several seven perforated gun propellants (see table 1).

Propellant 1, 2 and 3 were triple base propellants which chemical compo-

sitions were nearly the same, only the web sizes were sligthly different.

The main difference between these propellants was the way how they were

produced. Propellant 4 was a double base propellant and propellant 5 a

single base propellant. All the propellants exhibited nearly the same

j interior ballistic data, which were determined in a closed vessel (see

"also table 1).

For ignition we used black powder charges of 5 g, 10 g, 15 g and 20 g.

The relevant data for judging the response of the propellants to different

ignition strengths are tabulated in table 2. As relevant data we took the

maximum pressure, the pressure rise time and the maximum rate of the

pressure rise (d).

When comparing the data it can be seen, that propellant 1 reacts most

sensitively to the variation of the ignition strength, i.e. the rate of

the pressure rise becomes greater when using a moderate ignition strength,

whereas when looking at propellant 3 one can constate that very high pressure

rise rates only occur, when using a very high ignition strength.
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We think, that the very fast pressure rises, and hence the very high

pressures, in the case of intense ignition, can be explained by as-

suming a fracture of the propellant grains.For theoretical calculations,

using a gas dynamic model, yield similar pressure rises, when assuming

that a part of the propelling charge (10 %-15 %) is fractured near the

projectile base.

The fracturing of propellant grains, can be explained by a pressure

gradient, produced by the ignition, which accelerates the charge down-

words. At the steel block the motion is stopped and the grains can be

fractured. The more intense the ignition, the greater will be the pressure

gradient and the acceleration of grains and therefore the possibility of

fracturing will rise.

The results, now, do not mean, in any way, that for example propellant I

should not be used for constructing ammunition, but nevertheless the

results show that, when using propellant 1 the ignition condition should A

be thoroughly investigated, in order to avoid a dangerous behaviour of the

ammunition.

Furthermore it should be remarked, that at the present state of our in-

vestigations there exist no absolute, unambiguous criteria for judging the

behaviour of the propellants, nevertheless the method can be used to compare

different propellants, concering the behaviour to changes in the ignition

conditions.

5. Summary

A small scale laboratory test is described by means of which it becomes

possible to judge the behaviour of gun propellant to different ignition

strength in the ammunition. The applicability of the test method could be

shown.

444

-~ .-~.



Table I

Interior ballistic data determined in a closed vessel. Loding Densitiy 0.1 g/cm3

(Pmax in all cases approx. 0.1 MPa)

Propellant 1 2 3 4 5

triple base triple base triple base double base single base

LD [(Pa s)"1 0.11 10"5 0.14 10-5 0.11 10-5 0.11 10-5 0.19 10-5

Pa 0.5? 104  0.62 0.55 104  0.58 104  0.61

dp [Pa8 5] 01 0
() [P/ 0.08 10o 0.11 10o 0.09 10o 0.1 10o 0.11 1os

p=O.08 GPa

LD = dynamic vivacity

r=(t) 0.5 1
0.5 pmax max

rp pressure rise rate between 0.1 pmax and 0.9 Pmax
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MINISTRY OF DEFENCE

ROYAL ARMAMENT RESEARCH AND DEVELOPMENT ESTABLISHMENT

The Response of RDX/TNT Filled Shell to Thermal, Stimuli

A S Dyer, C D Hutchinson, P J Hubbard and J Connor,3f.

C.

Paper for presentation at the
SDOD 20th Explosives Safet, Seminar, Norfolk, Virginia. August 1982

Eamrary

Trials have been conducted in which 155mm shell filled with RDX/TNT
(60/40) have been subjected to internal ignition and to external flame.
The effects on adjacent shell of internal. ignition have also been assessed.
Generally results are consistent with assessments of explosiveness based
on RARDE Burning Tube Tests but in one trial base ignition appeared to
induce detonation in adjacent shell. The significance of these results
is discussed.

I,

•,•i•449



INTRODUCTION

The hasard which an explosive or an explosive filled store presents is
determined by two factors:

a) the ease with which the store may be accidentally initiated
which we designate am the sensitiveness

and

b) the consequences of that initiation, the explosiveness.

Each of these factors is, or may be, a function of the physical form of
the explosive (eg whether it be in powder or charge form) of the type and
level of the stimulus and of the environment - particularly the confine-
ment. A complete hazard assessment of an explosive store should involve
testing the store over a range of stimuli and levels of stimuli, in
environments which may be encountered in practice. The explosive should
be tested as used, that is in charge form, but also in the form in which
it is processed and in the form it might degenerate to after, for example,
prolonged storage or vibration, that is in powder form.

A full evaluation of this type is expensive, time-consuming and rarely,
if ever, attempted. Instead small scale tests are used to predict what
might happen in practice. One such test has been employed by RARDE for
the past several years to estimate the explosiveness of secondary
explosives in charge form and under confinement. Known as the Burning
Tube Test, the procedure involves ignition of the explosive charge
contained in a mild steel tube sealed by end caps.

The Small Burning Tube Test normally carried out employs a charge of
350g of explosive in a tube with wall thickness of 6mm. Explosiveness

is assessed by the degree of damage to the tube and by the extent to
which the explosive is consumed.

The ranking order of explosiveness is unchanged when determined in the
Large Burning Tube which employs a similar ignition system in an
approximately 9kg charge in 12.7mm thick wall tubes. This size of charge
and wall thickness is quite similar to the FH70 155mm shell.

Attempts have been made to increase the discrimination of the burning
tube test by varying the confinement on RDX/TNT 60/40 and on TNT by using
tubes with tapered or stepped walls but these have not been successful.
On the other hand, increased confinement in weapons subject to rifle
bullet attack has been shown to lead to enhanced explosiveness. Burning
Tube Tests with heavier confinement are planned but in the interim the
chance has arisen to carry out trials on 155mm P1170 shell filled with
either RDX/TNT 60/40 or C¶3. CW3 is a RDX/HMX/TNT 56/4/40 composition
with other minor additives to improve its mechanical properties. These
trials had their original impetus in reports from the USA on trials to
assess the minimum non-propagation distance between detonating 155mm
M107 shell filled Comp B. During these trials it was found that wooden
pallets on which shell were standing caught fire when struck by hot
fragments from shell deton ting at 16 and 25m. The ourning pallets were
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said to have caused detonation in shell standing on them after intervals
of 17 and 30 minutes. Both the US and subsequent UK tests were on unfuzed
shell.

While external fire trials do form a major part of the study, it was
decided to extend the trials to investigate the effects of varying
confinement at internal ignition sites on explosiveness and also to
investigate possible differences between RDX/TNT and CW3 filled shell.
These studies are not yet complete but some interesting observations have
been made and at least provisional conclusions can be drawn from them.
The aim in this report is to describe the work which has been done and
to discuss its interpretation,

2 INTERNAL IGNITION STIMULUS TRIALS AT AMBIENT TEMPERATURES

Previous work ham shown that the most violent deflagrative events that
could be produced in shell at ambient temperatures resulted from ignitions
at the base of the shell. The fuzehead/propellant ignition system used
in burning tube tests was adapted to produce an ignition at the base of
155mm shell. Empty shell were bored at the base and fitted with a threaded
plug. Removal of this plug after filling the shell with either RDX/TNT
(60/40) Type A or CW3 left a cavity 25mm in diameter by 20mm deep. The
fuzehead and a 1.5g ballistite charge were placed in this cavity and
retained by a plug of equal thickness to the shell base (35mm). Modified
shell filled with CW3 incorporated vinyl alkyd paint bonding of explosive
to the shell wall.

The following trials were conducted:

a) Base ignition of RDX/TNT filled shell with 1 or 2 adjacent
CW3 filled shell as acceptors to assess the possibility of propa-
gation.

b) Base ignition of a CW3 filled shell with 2 adjacent CW3

filled shell as acceptors as in Test 1.

c) Base ignition of a single CW3 filled shell.

d) Top ignition of 043 filled shell.

e) Base detonation of CW3 filled shell.

2.1 Results

Results of internal ignition trials are detailed in Table 1. Important
features are summarised here.

Base ignited RDX/TNT filled shell behaved in a similar manner to that
expected from Large Burning Tube Tests. The filling deflagrated violently,
shattering the shell body into many pieces, but recovered fragments showed
no signs of detonation and many small pieces of unconsumed explosive were
found scattered around the test site. CW3 filled shell at 85 and 105mm
from the donor were broken open but the major proportion of the shell
bodies and the explosive were intact.
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A test involving base ignited OW3 filled shell as donor gave rather
different results. On ignition of the donor shell a very violent reaction
ensued involving the donor and acceptor shells at both 95 and 135M
separation. Large fragments from the base of the donor were driven into
the ground but there was no sign of other large fragments or of unconsumed
explosive. Deep holes had been blown in the site by the violence of the
reaction. Peripheral damage to stands and blast gauge equipment showed
they had been struck by extremely fast moving fragments. The blast gauges
indicated that overpressures had been generated somewhat greater than
would have been expected from the detonation of a single shell.

Base ignitions of a single CW3 filled shell without acceptors also gave a
very violent event but foil gauges were only dented, not punctured, and
indicated an overpressure of less than 35kPa at 5m. In one test a 170mm
long fragment from the nose section of the shell was recovered.

Using a transit plug modified to take the fuzehead/propellant system so
as to give nose ignition, a single CW3 filled shell was tested. The
shell was inverted with 100mm of the nose buried in the ground to increase
the confinement. A mild reaction occurred which split open the tapered
section leaving the lower section intact and filled. The majority of the
CW3 from the top section was also recovered.

This test was repeated with a nose ignited CW3 filled shell upright
between 2 0W3 filled acceptor shell both at 95mm separation. There was a
little more damage to the donor but a large part of the filling was
recovered unconsumed and the 2 acceptor shell were recovered intact.

A modified shell fitted with a base plug and filled CW3 was detonated
from the base using a tetryl booster and an L2AI detonator. Foil blast
gauges recorded detonation overpressures with a spread of up to 50% around
the predicted value at a range of radial distances. Base fragments
recovered from the region of the plug were smaller than those obtained '

from base ignited shell but not so small as those from a nose detonated
shell.

3 RESPONSE OF 155mm SHELL TO EXTERNAL FLAMES

This part of the trials derived from the US report of detonations of Comp
B filled shell in pallet fires, but the opportunity was also taken to
examine the effect of torching from an ignited shell on adjacent shell.
All of these trials involved CW3 filled shell.

3.1 Results from Pallet Fires

In an attempt te repeat the US observation a test was arranged with a
155mm OW3 filled shell standing upright in an angle-iron stand on a wooden
pallet. The standard pallet 4ft x 4ft was ignited remotely by a fuzehead
with a 200g thermite mixture (SR877). An explosive event occurred after
171 minutes. Large pieces of CW3 were found up to 150m from the test
site, some of which showed evidence of having melted. Large fragments of
the shell were recovered. There was no suggestion of detonation from
this single shell.
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The test was repeated with similar arrangements except that the shell was
laid horizontally on the pallet. In this test an explosive event occurred
after 4mine 17secs. Large pieces of 013 were recovered again showing
signs of having melted. Large sections of the shell body were also
recovered.

3.2 Results from Torching Shell

Results are summarised in Table 2. Donor shell filled 013 were ignited
with a thermite igniter in the nose and the flames played on the centre,
the driving band, the base and along the length of acceptor shell. Events
occurred at times varying from about 40 seconds to several minutes after

ignition with acceptor shell being split open and a large portion of
their filling being recovered unconsumed.

4 DISCUSSION

4.1 Internal Inition Trials at Ambient Tempe rature

The response of the base ignited RDX/TNT 60/40 Type A filled shell was
much as anticipated from Large and Small Scale Burning Tube Tests. The
filling was not completely consumed but showed fairly high explosiveness.
Adjacent CW3 filled shell at 85 and 105mm were split open by fragment
strikes and the filling was scorched without the event growing after the
case was split.

The CW3 filled shell gave more violent events in single shell tests in
that less explosive was recovered. However one large shell fragment and
some unconsumed HE were recovered while no foil blast gauges were punc-
tured. This indicated that the events were not detonations. A compari-
son of the high speed framing camera records from base detonated and base
ignited shell shows a slower expansion of the fireball for the base
ignited shell. It was surprising however, that such base ignited 043
filled shell as donors could cause events in adjacent shell which gave
every indication of being detonations. Whereas large fragments were
recovered from the base of the donor shell no fragments were recovered
from the acceptor shell. The foil blast gauge records indicate detonation
of more than one shell when acceptors were present but gave no response
to a single donor.

Although it is easy to mistake violent deflagrations for detonations, it
is our impression that in these trials detonation in C03 filled acceptor
shell was induced by knock-on effect following deflagration in 043 filled,
base ignited donor shell.

A large difference was evident between the response and effect of 043
filled donors as compared with RDX/TNT filled donors and there are several
possible causes for this difference:

a) The 4% HMX or the increased mechanical strength due to
the minor additives in 043 may have increased its explosiveness
relative to RDX/TNT even though RDX/TNT and 043 behaved similarly
in Large and Small Burning Tube Tests.
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b) The filling in CW3 filled shell is known to sediment such
that the nitramLne content at the bass could be up to 7Z greater,
is 672 nitramine.

It is known that 70/30 cyclotol and 75/25 RDX/TNT compositions
show greater explosiveness than 60/40 RDX/TNT or SDC1 in charge
hazard tests (SpLot and Oblique Impact). CW3 was similar to
RDX/TNT in the oblique impact test.

c) The CW3 filled shell were treated with a vinyl a1kyd/TNT
bonding paint while the RDX/TNT filled shall were not. This
bonding agent may have increased the confinement marginally at
tho Ignition site in the base of the shell.

d) The explosiveness of the CW3 may have been enhanced In
the shall as compared with that in a liurngn Tube because of the
strong walls at the base of the shell. The tensile strength of
STA 64 shell body material is twice that of the mild steel used
in RARDE Large Scale urnling Tubes.

The tests on CW3 filled shell with nose Ignition showed lower explosiveness
which Is probably due to the thinner walls reducing the confinement but may
also be helped by there being no vinyl alkyd bonding or sedimentation at
the top of the shell.

Further test. have been carried out in burning tubes %Ath 25mm thick Walls
filled with RDX/TNT or CW3 both with and without vinyl alkyd bonding.
Sedimentation in the CW3 filled tubes was enhanced by slow cooling. No
significant differences in behaviour were observed. It appears that even
these thick wall mild steel tubes provide less confinement than the shell.

Further evidence of the importance of confinement in determining the
results of ignitLon of CW3 filled shell comes from an event which occurred
recently when a shell was being sectioned longitudinally from the base.
The filling ignited when it came into contact with the saw but the venting
path provided by the saw-cut prevented the occurrence of anything more
than a relatively mild deflagration.

4.2 External Flame Trials

The single shell pallet fire gave an event in a time similar to the US
trials. Further examination of the US report suggests there were 3 shell
on the burning pallet so in view of the knock-on effect postulated above
it is conceivable that a detonation may have indeed occurred especially
if adjacent shell were sensitised by heating.

The torching experiments gave deflaSrative events with the violence
increasing as the thickness of the heated region of the shell body and
the time to the event increased. When replicate tests were carried out
the times to the events were closely similar.
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5 CONCLUSIONS

The effect of confinement on the condequences of deflagration initiated
in Ilk& charges of CW3 and RDX/TNT (60/40) Type A in a large test vehicle
(UK 135mm shell) has been studied. Ignition in the very heavily confinedI t base region of the shell gives rise to more violent events in CW3 fillings
than in RDX/TNT fillings. It is believed that this is due to the increased
confinement provided by the vinyl alkyd bonding of the CW3 filling to the
inside of the shell case, a feature absent from the RDX/TNT filled shell.
This bonding prevents venting of product gases along the path between the
filling and the shell walls in the very early stages of reaction. CW3
and RDX/TNT filled shell behave identically when nose initiated; the area
of ignition in these cases is in the fuze well and, by the time a process
has burned to the outer surface of the charge, effects due to bonded or
unbonded fillings are secondary to those from the failure of the relatively
thin metal confinement. The vinyl alkyd bonding of LW3 to the 155mm shell
is provided to ensure that no base air gaps are present which could lead
to ignition by adiabatic compression during gun launch and to prevent
rotation of the shell filling during flight. Given the very low proba-
bility of confined base ignition except as a consequence of set-back
forces during gun launch, no safety advantage would accrue from removal
of the bonding or from changing the filling to RDX/TNT (60/40).

This manifestation of high explosiveness in CW3 filled shell is not
predicted by our Burning Tube Tests. We are forced to conclude from this
that the confinement in the Burning Tube is substantially less than that
at the base of the 155mm shell. This conclusion is important in reminding
us of the variation in explosiveness with environment, of the need to
carry out hazard assessments over a range of environments and of the
dangers of extrapolating explosiveness data outside the range of confine-
ment in which it was determined.

We intend to continue these studies using Burning Tubes of heavier
confinement and also to carry out further trials with both internal and
external ignition on CW3 filled shell to confirm that the events witnessed
were indeed detonations and to determine the fragment velocities and
overpressures which can lead to detonations in acceptor shell.
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TABLE I Internal Ignition Trials

BASE IGNITION
Donor ~ Acetor Observations

RDX/TNT I x CW3 at 85mm Donor deflagrated violently.
Acceptor broken open, filling
mostly intact.

RDX/TNT I x CW3 at 105umn Donor and acceptor at 105mm - as
I x C03 at 350mm above.

Acceptor at 350mm displaced but
intact.

043 2 x CW3 at 95mm Very violent reaction involving
donor and accceptors. No large
fragments or unconsumed explo-
sives. Overpressure greater
than from a single detonated
shell.

043 2 x 043 at 135mm As previous trLi!.

043 None Violent reaction. Overpressure
less than 5psi at 15 feet.

TOP IGNITION

CW3 None Mild reaction splitting open
Shell inverted tapered section of shell. Most of
and IOOmm of "43 recovered.
nose buried

043 2 x CW3 at 95mm Donor slightly more damaged than
Shell upright in previous trial but large part

of 043 unconsumed. Acceptor shell
intact.
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TABLE 2 Torching Trials, C03 Filled Shell

Layout Time to Observation, _Event

Donor 100mm from and at 48s Donor and acceptor split
right angles to acceptor. open. Large fragments of CW3
Flames centred on a point recovered.
280mm from nose of accep-
tor.

As previous trial. 38s As previous trial except event
extinguished donor.

Donor 100mm from and at 330s More violent than previous
right angles to acceptor. trials. Donor shell continued
Flames playing on driving to burn for 70 minutes.
band. Acceptor split into large

fragments, unconsumed CW3
recovered.

Donor between two acceptor 495s CW3 in unplugged shell melted
shell. Nose of donor set before event. Event in
back 350mm behind noses of plugged shell opened up nose
acceptors. Shell parallel end. Donor and unplugged
and in contact. One shell continued to burn.
acceptor fitted with tran- Unconsumed CW3 recovered from
sit plug. Other unplugged. plugged shell.

Donor in line 100mm behind 630s Acceptor split lengthways,I acceptor. filling ejected forwards.
Base of acceptor blown lOOm
backwards. Some unconsumed
CW3 recovered. Donor knocked
backwards but continued to
burn.

As previous trial. 595s As previous trial.
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°°'i iSPARROW (AIM/RIM-TM) WITH EX-114 MOD I WARHEAD

QUANTITY-DISTANCE STUDY FOR HANDLING OPERATIONS

SUMMARY

A quantity-distance study was performed for the SPARROW guided missileAIM/RIM-7M with the EX-114 MOD I warhead In pierside and shipboard transport/
handling configurations.

The results of this study indicate that warhead-to-warhead propagation of
detonation is expected in all the transport/handling configurations considered.
As long as the SPARROW missiles are within 4.3 m (14 ft) of each other as
determined from geometric considerations the warheads must be assumed to mass
detonate.

The rocket motor propellant should not detonate, but could violently react
if impacted by a high speed preformed fragment from an adjacent donor warhead.
Under some accident scenarios, a violently reacting rocket motor may cause the
forward warhead explosive to sympathetically detonate from rocket motor debris
impact.

The maximum credible events and associated airblast hazard ranges for the
transport/handling configurations considered are listed below,

Maximum Credible Events and Airblast Hazard Ranges

Airblast Hazard

Configuration Contribution Range, a (ft)

Missile I Warhead 55 (180)

MK 470 MOD 0 1 Warhead 55 (180)
Shipping Container

MX 470 MOD 0 3 Warheads 79 (260)
Stack of Three

CNU-166/E 3 Warheads 79 (260)
Shipping Container

CNU-166/E 9 Warheads 114 (375)
Stack of Three

MK 29 MOD 0 8 Warheads 105 (345)
Launcher

Only detonaticns contribute to the airblast hazard range determinations.
The fragment hazard ranges are governed solely by the preformed steel fragments
from the warheads that detonate. The ranges for aluminum and polyvinyl chloride
(PVC) fragments from shipping container and launcher surrounds are substantially
less then those for the denser steel fragments, so that the aluminum and PVC
fragments do not affect the fragment hazard range determinaticno.

The preformed fragments do not present an unacceptable hazard beyond 152 m
(500 ft) for an eleven warhead mass detonation. However, for twelve or more
warheads the hazard range extends well beyond the 152 m range out to the vicinity
of the maximum fragment range because a large percentage (20Z) of the fragments
impact in this region.

The acceptable hazard handling arc that can be applied to all transport/
handling configurations considered is 114 m (375 ft) as determined by the
airblast hazard for nine warheads. I

A total of twelve or more missiles within 4.3 m (14 ft) of each other are
required to exceed the maximum acceptable hazard range of 152 a (500 ft).

Appendix A presents results of trajectory calculations performed for a
generic preformed fragment warhead. These results illustrate the qualitative
trends obtained for the classified SPARROW results.
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I
INTRODUCTION

This task was part of the EX-114 warhead development program for the
AIM/RIM-7M SPARROW to gain the Navy's Weapon Systems Explosives Safety Review
Board (WSESRB) approval for service use of this version of the guided missile
aboard Naval vessels.

The work request was in response to requirements that all programs for
the development and introduction of new weaponry into the Fleet include analyses
developed by the Naval Explosives Safety Improvement Program (NESIP) and/or
verifying tests (as recommended by NESIP) to insure the timely availability of
hazard information for review by the WSESRB. In particular, the Naval Surface
Weapons Center was tasked (funded) by the SPARROW program to assess the sym-
pathetic detonation characteristics and explosion hazard effects of the SPARROW
weapon.A

Methods developed for the NESIP Technology Basel were used to obtain the
analytical results presented in this report.

The hazard definition of interest here is the acceptable hazard handling
arc. The acceptable arc for an explosion event is determined by the minimum
range at which both blast overpressure and fragment hazard criteria are satis-
fied. These criteria are:

(1) The blast overpressure must be less than 6.9 kPa (1 psi).

(2) The hazardous fragment flux evaluated for the ground surface area
must be less than I hazardous fragment per 56 m (600 ft ). A fragment is
considered hazardous when it has an impact energy of 80 Joules (58 ft-lb) or
greater. Note that the fragment hazard criterion specifies an acceptable areal
density for hazardous fragments, not a maximum range for hazardous fragments.
There can be hazardous fragments beyond the acceptable hazard handling arc;
however, their areal density should be less than the level specified above.

OBJECTIVES

1. Determine the likelihood of sympathetic detonation and hence the
maximum credible event (MCE) for the SPARROW weapon system for the pier and
ship configurations.

2. Determine the acceptable hazard range (blast and fragment effects)
for the MCE's.

3. If necessary, recommend possible handling procedure changes and/or
inhibitor/shield designs (feasible solutions) for reducing the MCE's so that
the acceptable hazard handling arc falls below the desired value of 152 m

(500 ft).

t Porzel, Francis B., "Technology Base of the Navy Explosives Safety Improvement

Program," Minutes of the Nineteenth Explosives Safety Seminar, Department of

Defense Explosives Safety Board, Los Angeles, CA, Sep 1980.
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APPROACH

Figure 1 provides a general procedural flow chart for the weapon system
investigation. The major program elements are described below.

i Review and evaluate the weapon input data.

II. Determine the blast/fragment contributions of the propellant sections
to the explosive effects generated by the donor warhead detonation.

III. Determine the acceptable hazard range (blast/fragment effects) for a
donor warhead detonation (which may or may not include a contribution from the
propellant) for the numbers of configurations (assuming mass detonation of
ordnance.) This represents the dorst possible accident scenario.

IV. Review the handling procedures for the weapon for all required trans-
port/handling configurations.

V. Determine the relative positioning of the weapon units for all
required transport/handling configurations. Evaluate the potential for sympa-
thetic detonation and determine the MCE's for these configurations.

VI. Determine the acceptable hazard range (blast/fragment effects) for
the MCE's for the various transport/handling configurations.

VII. Contingent - Conduct sympathetic detonation tests according to the
answer (and associated confidence) obtained from elements V and VI above. Tests
may be needed to verify/clarify the analytical results obtained. Whether or not
the propellant sections would be needed for these tests would be determined by
the evaluation represented by element II above.

VIII. Contingent - Investigate and recomrend handling procedure changes
and/or inhibitor/shield designs (feasible solut±rns not final engineered designs)
to reduce the MCE and associated blast/fragment effects. This investigation is
necessary only if the acceptable hazard range is greater than 152 m (500 ft).

IX. Contingent - Conduct inhibitor/shield tests. These tests may be
required to verify the design concept from element VIII.

X. Perform a final analysis and provide, a letter report documenting
results, conclusions, and recommendations.

For the SPARROW quantity-distance study (referring to Figure 1):

(a) The propellant was evaluated to not sympathetically detonate.
Therefore, propellant effects were not required for element III.

(b) Therp was sufficient confidence in the analytical evaluations
of sympathetic detonation for thL normal handling configurations that testing
was not conducted (element VII) at this time.

(c) The hazard ranges do not exceed 152 m (500 ft) for the missilk
configurations analyzed. Therefore, contingent shield/inhibitor designs
and tests were not required (elements VII and IX).
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LiII_ . REVIEW/EVALUATE INPUT DATA

Ii. EVALUATE PROPELLANT EFFECTS

INCLUDE PROPELLANT EFFECTS__-] EEDiNOTINCLUDE PROPELLANT EFFECTS

III. EVALUATE BLAST/FRAGMENT HAZARD

IV. REVIEW HANDLING PROCEDURES

v . F EVALUATE SYMPATHETIC DETONATION AND MCE'S

rVD RMINE BLAST/FRAGMENT HAZARD FOR MCE'S

VII. CONIlINGENTSYM DETTESTS

III. CONTINGENT INHIR/SHIELD DESIGN

IX. CONTINGENT INHIB/SHIELD TESTS L •

SX. FINAL ANALYSIS AND LETTER REPORT

FIGURE 1. FLOW CHART FOR A GENERAL WEAPON SYSTEM QUANTITY-DISTANCE STUDY
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MISSILE SYSTEM DESCRIPTION

The specific SPARROW weapon evaluated in this study is the AIM/RLMI-7M
(air-to-air/surface-to-air) with the EX-1I4 MOD 1 focused fragmentation
controlled pattern (FFCP) warhead.* The missile is shown schematically in
Figure 2.

The AIM-7M SPARROW will be transported in a CNU-166/E missile container
(see Figure 3) that stores three missiles.

The RIM-7M SEASPARROW will be transported in a MK 470 MOD 0 missile
container that houses one missile (see Figure 4). The RIM-7M SEASPARROW will
be all-up loaded in the MK 29 Mod 0 box launcher for the Improved Point Defense
System aboard ship. The launcher, shown in Figure 5, contains eight missiles.
Three of these box launchers are to be mounted on aircraft carriers (CV and CVN)
providing a total topside load of 24 all-up missiles. Between 24 and 48 missiles
will be stored below deck in magazines. Other launch platforms under con-
sideration include destroyers (DD) and support ships (AOE and AOR.)

Configurations of candidate Vertical Launch Systems (VLS) for the RIM-7M
SEASPARROW are not addressed here. An analysis of all of the various candidate
launcher designs is beyond the scope of this study.

Aircraft armament arrangements for the SPARROW were not addressed because
these configurations would not be encountered in a tidewater port environment
(the handling area of concern for this study.)

Specific unclassified missile data required for the quantity-distance study
are listed in Table 1. The sound speed values for the explosive/propellants
given in Table 1 represent estimates based on similar explosives/propellants at
the same density.

*\

The term "preformed" is used in this paper to refer to the EX-114 MOD 1
warhead case fragments. The term is used in a general sense to describe
fragments formed from scored warhead cases (producing explosively-formed
fragments) and to describe the truly preformed fragments that are first
(pre) formed and then embedded in the warhead case material. M)
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522.0 mum
(20.55 In.)
STACKING

HEIGHT

5333m

11(21 .0nIn.

(21.0 in.)

FIGURE 4. MK 470 MOD 0 CONTAINER, SHIPPING AND STORAGE
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FABLE I AIM/RIM-7M SPARROW WITH THE EX-114 MOD I WARHEAD DATA

Warhead Section

Explosive Sound Speed
(estimate), m/s (ft/s) 3000 (9800)

Total Warhead Mass, kg (ib) 38.6 (85.2)

Length, mm (in) 400.3 (15.76)

Diameter, mm (in) 204 (8.03)

Flight Control and Stabilization Section

Mass, kg (lb) 32.4 (71.4)

Length, mm (in) 575.3 (22.65)

Propulsion Section

Booster/Sustainer Propellants
Sound Speed (estimate), m/s (ft/s) 3000 (9800)

Total Propulsion Section Mass,
kg (lb) 95.7 (211)

CNU-166/E Shipping Container

Cover Material Acrylic-Polyvinyl
Chloride

Density, kg/m3 (lb/in ) 1260 (0.0455)

Thickness, mm (in) 6.35 (0.250)

Steel Rail Thickness, mm (in) 4.75 (0.187)

Alum. Clamp Double Thickness,
mm (in) 6.35 (0.250)

MK 470 MOD 0 Shipping Container

Aluminum Thickness, mm (in) 2.5 (0.10)

MK 29 MOD 0 Launcher

Material Aluminum laminate

inner wall thickness, mm (in) 1.0 (0.040)

outer wall thickness, mm (in) 1.0 (0.040)

inside corrugation thickness,
mm (in) 0.81 (0.032)

Averaged areal density, gm/mm2

(lb/in2 ) 8.16xi0-3 (0.0116).
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SYMPATHETIC DETONATION EVALUATION

The general missile configurations considered in the sympathetic detonation
evaluation are: (1) the three-missile CNU-166/E missile container, see Fig. 3;
(2) the single-missile MK 470 MOD 0 missile container, see Fig. 4; and (3) the
eight-missile MK 29 MOD 0 Launcher, see Fig. 5. Most of the pertinent material
dimensions and specifications required for the sympathetic detonation evaluations
are noted in the figures. Additional information is provided in Table 1.

The maximum propellant web dimension for the SPARROW rocket motor, MK 58,
MOD 3/4 is much smaller than the critical diameter for sustained detonation. 2

For this reason the propellant is assessed to have a zero card gap value 2 for the
NOL Large Scale Gap Test (see Ref. 3) which means that pressures on the order
of 20 GPa (200 kbars) or greater are required to initiate detonation. 3 A
representative calculation for the configurations studied is presented in this
chapter; however, the conclusion is that the rocket motor propellant should not
sympathetically detonate in the handling/transport configuration as a result of
a donor warhead explosive detonation. Tests were not deemed necessary to verify
this condition.

Table 2 lists the donor/acceptor combinations connidered and the pressure
thresholds necessary to sympathetically detonate. Note the representative
calculation for the warhead-to-rocket-motor propagation (entry one in Table 2).

Additional configurations could have been included in Table 2 to account
for donor-warhead-to-acceptor-rocket-motor geometrie,, that arise if the missiles
were housed in the CNU-166/E shipping containers in alteinating nose-to-tail
orientations (which would not be done becausu of center-of-grevity consider-
ations) or if the missiles in the M]K 470 MOD 0 shipping containers were arranged
in a similar nose-to-tail fashion. However, calculations indicate that the
rocket motor propellants would not sympathetically detonate in these configurations
from either blast induced or fragment induced loadings. The suatainer section
of the rocket motor does line up with the warhead sectlon for a niose-to-tail
stacking arrangement. In this arrangemeriL the rocket motor propellants would
most likely react violently (but not detonate) as a result of the detonation of
an adjacent warhead. With no experimental data In hand, it must be assumed
(for safety analysis purposes) that a violently reacting sustainer rocket motor
could sympathetically detonate (from impact loads from rocket motor debris.) the
corresponding warhead section (forward of the missile control section) and any
adjacent warhead (aligned by nose-to-tail stacking).

The detonation threshold pressure listed in Table 2 for the acceptor warhead
explosive is a conservative estimate because no measured values were available.
An actual value for the detonation threshold can be obtained by running the NOL
Card Gap Test on the material.

2 Camp, Albert T., Brentland Corporationý Personal Communication, 3 July 1981.

3Price, Donna, Clairmont, Jr., A. R., and Erkman, J. 0., "The NOL Large Scale
Gap Test. III. Compilation of Unclassified Data and Supplementary Information
for Interpretation of Results," NOLTR 74-80, 8 Mar 1974.
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A calculation of the total prompt energy released from the W/H explosive
detonation is necessary for establishing a pressure distance curve. Reference 4
provides free-air airblast data for several explosives including the explosive
used in the EX-114 MOD 1 warhead.

Shock induced pressures in the acceptor explosive/propellant were calcu-
lated in the following manner. The donor was assumed to be a spherical charge.
UTE 5 calculations provided normally reflected pressure estimates at the acceptor
position.* Shielding effects of the intervening material were ignored, which
results in the highest loads being calculated. Actually including the inter-
vening materials as added mass surrounds in the UTE computations does not
appreciably change the reflected pressures calculated. The reflected pressures
computed at the charge-surface-to-charge-surface separation distance were assumed
equal to the induced pressures in the acceptors and are listed in Table 2 under
the heading of "Shock Induced."

Fragment induced pressures in the acceptor materials were computed in the
following way. The maximtu donor fragment velocity was used as the initial
fragment velocity in the directions normal to the charge cylindrical surface.
For the fragment velocity off the aft end of the warhead the following expression
was used:

Va - (E a/Ma)

where V - initial fragment velocity in aft directiona

E a energy flux in aft direction, about 10% warhead energy releasea

M - mass flux in aft direction, about 10% of the warhead mass plus the
mass of the flight control section and the mass of the nose cap of
the rocket motor.

The above expression is based on the assumption that energy is initially equi-
partitioned between internal and kinetic energy. The energy flux was estimated
by assuming that the relative energy directed through any part of the charge
surface is proportional to that area.

The velocities determined above were then used in the following formula to
estimate the pressure induced by the fragment impact in the acceptor material.

p - pcv/Ki

4Costain, Thomas S. and Motto, Rocco V., "The Sensitivity, Performaace and
Material Properties of Some High Explosive Formulations," Technical Report
4587, Picatinny Arsenal, Dover, New Jersey, Sep 1973.

5 Porzel, Francis B., "Introduction to a Unified Theory on Explosions (UTE),"
NOLTR 72-209, 14 Sep 1972.

Program UTE was coded for the HP 41C programmable calculator.
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where

p - pressure induced in acceptor, listed in Table 2 under the heading
"Fragment Induced"

p - initial density of acceptor material

c - sound speed in acceptor material (see Table 1)

v - initial fragment velocity as determined above

ki - factor representing reduction in fragment velocity for configuration
i in Table 2 due to conservation of momentum between donor fragments

and material shielding acceptor explosive/propellant

The results in Table 2 indicate that an acceptor rocket motor propellant
will not sympathetically detonate from either the shock or fragment loads
produced by a donor warhead explosive detonation. However, if the missiles
were stacked in a manner such that the warhead section of one missile were
aligned with the rocket motor section of an adjacent missile, then higher
fragment impact induced pressures (though less than the 20 GPa detonation
threshold) could be generated in the rocket motor propellant than indicated
for configuration 1 in Table 2. The assumption (for safety) is that the rocket
motor propellant could violently react (though not sympathetically detonate)
in response to these fragment impact induced loads. A second assumption (for
safety) is that a violently reacting rocket motor could cause an adjacent (or
the forward) warhead to sympathetically detonate from rocket motor debris impact
loads. It should be pointed out that there are no data to support these
(conservative) assumptions.

Acceptor warhead explosive should sympathetically detonate from fragment
impact for all configurations investigated. For adjacent weapons inside the
CNU-166/E shipping container (separation distance of 48 m (1.9 in)) the shock
induced pressure is also sufficient to sympathetically detonate the acceptor
warhead explosive.

Out to about 140 mm (5.5 in) separation distances shock pressures exceed
the detonation threshold pressure of 1.7 GPa (17 kbars). The preformed SPARROW
fragments can induce pressure in acceptor SPARROW explosives above the detonation
threshold pressure out to ranges on the order of 440 m (1440 it). However, at
a range beyond 4.3 m (14 ft) the acceptor warhead section has only a 50 percent
chance of being struck by a donor warhead preformed fragment when it is aligned
in the beam spray.
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MAXIMUM CREDIBLE EVENT

Single Missile - Configuration one in Table 2

The maximum credible event for the single missile is the donor warhead
explosive detonation. The rocket motor propellant should not sympathetically
detonate for any missile arrangement.

CNU-166/E Shipping Container - Configurations two, three, and four in Table 2

The maximum credible event for the loaded CNU-166/E shipping container
that contains three missiles is the detonation of all three warhead explosives.
The maximum credible event for a stack of CNU-166/E shipping containers, three
containers per stack, is the detonation of all nine warhead explosives. Deto-
nation should propagate between warheads in adjacent stacks of CNU-166/E
containers if the warheads are aligned side-by-side.

MK 470 MOD 0 Shipping Container - Configurations five and six in Table 2

The maximum credible event for the loaded MY 470 MOD 0 shipping container
that contains one missile is the detonation of the donor warhead explosive.
The maximum credible event for a stack of MK 470 shipping containers, three
containers per stack, is the detonation of all three warhead explosives. Deto-
nations should propagate between warheads in adjacent stacks of MK 470 MOD 0
containers if the warheads are aligned side by side.

MK 29 MOD 0 Launcher - Configurations seven and eight in Table 2

The maximum credible event for the all-up MK 29 MOD 0 launcher that
contains eight missiles is the detonation of all eight warhead explosives.

Nose-to-Tail Arrangement of Missiles in Shipping Containers

For both the CNU-166/E and the MK 470 MOD 0 shipping containers, a nose-
to-tail arrangement of adjacent missiles lines up the warhead section with the
sustainer rocket motor of the adjacent weapon. Even though the sustainer pro-
pellant should not sympathetically detonate (as indicated in Table 2), the
propellant could violently react (see the discussion at the end of the previous
section). The assumption (for safety) is that the violently reacting rocket
motor propellant could sympathetically detonate forward and adjacent warhead
explosives.

Optimum Stack Configuration for Shipping Containers

Detonation/violent-reaction propagation between warhead/rocket motor
missile sections housed in adjacent stacks of CNU-166/E and MK 470 MOD 0
shipping containers can be eliminated, for the most part, by arranging the
adjacent stacks such that the acceptor warhead/rocket motors do not lie
within the beam spray of possible high speed preformed donor fragments from
neighboring warheads.
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AIRBLAST HAZARD PREDICTIONS

Airblast predictions for sea level conditions were calculated using the
UTE model (References 1 and 5). The specific SPARROW configurations considered

44,, are defined in Table 3 along with the computed results.

Referring to Table 3, the airblast hazard range refers to the distance
from the explosion source (ground zero) at which the blast overpressure has
fallen to the 6.9 kPa (1.0 psi) level. The airblast calculations require
specification of the explosive mass, TNT equivalent (airblast), and case mass.
The case mass includes all mass in the immediate surround such as shipping
container materials, and/or launcher structure. The configurations in Table 3
are discussed below.

1. One Missile - An all-up missile with no immediate surrounds
such as shipping containers or launcher structure.

2. 22 Missiles - The maximum number of missiles in configuration
one for which the airblast hazard criterion is satisfied at 152 m (500 ft).

1

3. CNU-166/E - Three missiles in the air launch missile shipping
container.

4. CNU-166/E Stack - A stack of three air launch missile shipping
containers that holds nine missiles total.

5. 7 CNU-166/E Containers - The maximum number of loaded CNU-166/E
containers (configuration 3) for which the airblast criterion is satisfied at
152 m (500 ft).

6. MK 470 MOD 0 - One missile in the surface launch missile shipping
container.

7. MK 470 MOD 0 Stack - A stack of three surface launch missile
shipping containers that holds three missiles total.

8. 22 MK 470 MOD 0 Containers - The maximum number of missiles in
configuration six for which the airblast hazard criterion is satisfied at
152 m (500 ft).

9. MK 29 MOD 0 Launcher - Eight missiles in the box launcher used
on surface ships.

None of the configurations considered in Table 3 represent an airblast
hazard at 152 m (500 ft). The detonation of 22 warhead explosives just satisfies
the airblast criterion at 152 m (500 ft). The values for the airblast hazard
range are reported in three significant figures only for the purposes of ranking.
The computed values represent conservative (over) estimates of the actual hazard
ranges.
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FRAGMENT HAZARD PREDICTIONS

The preformed fragment (EX-114 MOD I warhead) trajectory predictions were
computed using the computer program TRAJ.l* The fragments formed from shipping
container walls, launcher panels, or the rocket motor cases (contributed by
violent reactions) are not significant hazards in comparison with the hazard
associated with the preformed fragments. For this reason only the hazard res'ults
for the preformed fragments are presented here.

Preformed fragment initial conditions and computed trajectory results for
a generic preformed fragment-warhead are presented in Appendix A to illustratethe methods used and qualitative trends obtained for the classified SPARROW

results.

The SPARROW preformed fragments do not present an unacceptable hazard
* beyond 152 m (500 ft) for a mass detonation of eleven warheads. However, for

twelve weapons the hazardous fragment criterion is exceeded in the vicinity
of the preformed fragment maximum range -- well beyond 152 m (500 ft) -- because
a large percentage of the fragments impact In this region.

1?The computed trajectory results, therefore, indicate that the maximum
number of SPARROW weapons (with the EX-114 MOD 1 warhead) handled shipboard or
pierside at the tidewater ports should be restricted to eleven. For more than
eleven warheads the fragment hazard criterion is exceeded beyond 152 m (500 ft)
for a mass detonation of the warheads.

The above fragment hazard results do not include the following effects for
S..the reasons stated:

1. Higher velocity fragments formed in the interaction zone between
sympathetically detonating weapons -- this effect should only apply to adjacent
weapons inside a CNU-166/E shipping container. The warheads should have too
large a separation distance to form an interaction jet for the other configura-
tions. However, an enhancement of the preformed fragment velocity by a factor

3 of 1.5 (a typical value for sympathetic detonations) only increases the maximum
trajectory range by about 10%, a negligible amount considering the uncertainties
in input conditions.

2. Lower preformed fragment velocities produced by the added mass
in the immediate surround of the warhead case; such as shWpping container
cases and launcher panels -- this effect reduces the initial fragment velocity
(from momentum conservation considerations) by about 5% in general. The
initial fragment velocity is not defined that precisely, so this effect is not
considered. There is one exception to the 5% velocity reduction: preformed
fragments that are adjacent to the aluminum clamps on the CNU-166/E shipping
container have their velocity reduced by about 32%. This produces a 9%
reduction in the maximum trajectory range and affects only about 4% of the
fragments for the CNU-166/E shipping container configuration (three warheads).
This effect on the fragment hazard range is negligible. Results presented in
Appendix A indicate that variations of fragment drag coefficients and drag
area have a much more pronounced effect on fragment impact range than does
a similar variation of the initial fragment velocity.

St *Program TRAJ was coded for the HP 41C programmable calculator. A FORTRAN
version is coded for the CDC 6500.



S3. Concentration of preformed fragments in a narrow beam spray
directed towards vertical targets, not ground surface targets (on which the
fragment hazard criterion is based) -- for the narrow beam spray region, the
hazard range for vertical targets (greater than one hazardous fragment per
56 m2) extends out to 323 m (1060 ft) for eleven warheads. Because the fragment
hazard criterion applies only to prone personnel (horizontal target areas not
vertical) the vertical target hazard is not addressed in this investigation.
The effect of the concentration of fragments in the narrow beam spray is con-
sidared in the evaluation of the areal density of hazardous fragments impacting
the ground surface.

It should be pointed out that the computed fragment areal density variation with
range near the maximum fragment impact range is a function of the range increment
size selected. This is because of the singularity in the trajectory solution
at the maximum impact range. The results quoted for the SPARROW warhead are
based on 30 m (100 ft) range increments that is well within uncertainty limits
of the impact range for the preformed fragments. Twenty percent of the SPARROW
preformed fragments fall within this range increment near the maximum range.
Also, it should be mentioned that the computed fragment areal density results
are based on cylindrical divergence (with a beam spray angle) and not spherical
divergence because of the cylindrical design for the SPARROW warhead.

-
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FINAL COMMENTS

The results and conclusions presented in the SUMMARY section will not be
repeated here. However, a number of observations were made during the analysis
that should be summarized. These are presented in the following paragraphs.

Three classes of configurations for the SPARROW were not addressed here:
1) vertical launch systems. 2) aircraft armaments, and 3) ship magazines.
Including these configurations was beyond the scope of this study.

The fragment hazard criterion is exceeded (for a twelve warhead mass deto-
nation) in the vicinity of the maximum range for the preformed fragments. This
distance is many times greater than the 152 m (500 ft) range. The fragment
areal density on the ground surface is greater in the region of the maximum
fragment range bounded by the geometry of the beam spray than in any other ground
location surrounding the warhead beyond the immediate ground zero location.

Substantially different (increased) fragment hazard ranges would be es-
tablished if the hazard criterion were based on standing (vertical) personnel
rather than prone (horizontal) personnel. The main problem with applying the
criterion to prone personnel is that the prone position presupposes a warning
when in fact the first signals to reach the personnel are high-speed lethal
fragments.

The detonation threshold values for the EX-114 MOD I warhead explosive were
obtained from card gap data for similar explosives by analogy. An actual card
gap value should be determined for this explosive.

One mechanism for propagation of detonation between warheads is worth
investigating further: Will a violent reaction response of the solid rocket

4 propellant sympathetically detonate the forward warhead explosive? For the
purposes of this study, the assumption was made that a violently reacting rocket
motor could sympathetically detonate a forward or adjacent warhead. If this
assumption were proven to be false, then nose-to-tail stacking of missiles could
eliminate detonation propagation between adjacent warheads.

The enchancement of preformed fragment impacts in the vicinity of the
maximum fragment impact range should be investigated experimentally. The
computed results for SPARROW and for the generic warhead discussed in the
appendix are based on the assumption that all the preformed fragments have
the same mass, shape, and aerodynamic properties. These calculations tend to
overestimate the fragment hazard produced by warheads of the preformed warhead
design.

4
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APPENDIX A

GENERIC PREFORMED FRAGMENT TRAJECTORY CALCULATIONS

Computer program TRAJ was used to compute the trajectories of fragments
for a generic preformed fragment warhead. This generic warhead design was
defined to illustrate the methods used and the qualitative trends obtained
for the classified SPARROW results. Except for the fact that both the SPARROW
and the generic warheads are of the "preformed fragment" design, there are no
other similarities between them.

The trajectory calculations are used to establish the areal distribution
of the preformed fragments as a function of range. The assumed fragment para-
meters for these calculations are given in Table A-1.

For the trajectory calculations, the fragments were uniformly distributed
circumferentially around the warhead with the longitudinal axis of the missile
oriented parallel to the ground surface. The angles of elevation for the frag-
ments were varied between 00 and 900 (only one quadrant and hence only 60
fragments needed to be considered because of symmetry) to obtain the spread of
impact ranges out to the maximum fragment impact range of 1280 m (4200 ft).
These results are given in Figure A-i. All fragments impacted at hazardous
energies (greater than 80 J (58 ft-lb)).

The fragment areal densities were determined from the data presented in
Figure A-i by proportioning the fragments in 30.5 m (100 ft) range increments
out to the maximum range for the 150 side spray sector. Because of cylindrical
symmetry, the proportion of fragments impacting at a particular range increment
is equal to

Fi Li + 0AHi
90

where F, Proportion of fragments in 900 quadrant impacting in range increment
i; for example 4% of the fragments have impact ranges between 850 m
and 900 m (see Figure A-i).

AeL - Spread of initial elevation angles for fragments impacting range
i increment i from low angle trajectories*

Ae~ Spread of initial elevation angles for fragments impacting range
I increment i from high angle trajectories*

For impact ranges less than the maximum range, there are two trajectory
solutions. The low and high designations are referenced relative to the
initial elevation angle eMAX corresponding to the maximum range.
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TABLE A-i GENERIC PREFORMED FRAGMENT WARHEAD DATA

Nominal Preformed Fragment Dimensions:

Length, mm (in) 51 (2.0)
Width, mm (in) 25 (1.0)
Thickness, mm (in) 13 (0.50)

- 2 2Average CDA/m, mm /gm (in /ib) 5.0 (3.5)

Drag Coefficient, CD 1.0

Average Area, A -,2 (in 2) 645 (1.0)

Mass, gm (ib) 130 (0.29)

Maximum Initial Fragment Velocity, m/s (ft/a) 1500 (5000)

SNumber of Preformed Fragments 240

Fragment Beam Spray Width, degrees 15
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Table A-2 gives the range increments considered, the percentage of
fragments impacting in each range increment, and the maximum numbers of mass
detonating warheads allowed at ground zero such that the fragment hazard
criterion is not exceeded; that is, such that there is less than one hazardous
fragment which possesses 80 J (58 ft-lb) kinetic energy or greater impacting
per 56 m2 (600 ft 2 ) ground surface area. Note in Table A-2 that 18% of the
fragments impact within -30 m (100 ft) of the maximum fragment impact range
(1280 m (4200 ft)). For this reason, the range increment from 1250 m - 1280 m
(4100 ft - 4200 ft) is the critical location for hazardous fragments -- 17 or
more warheads produce sufficient fragments impacting at this range to exceed
the fragment hazard criterion within the 150 beam spray. The next region that
is hazardous for a minimum of 17 warheads is located less than 90 m (300 ft)
from ground zero.

The percentage of fragment impacts within the (30.5 m) 100 ft increments
(column 2 in Table A-2) are plotted in Figure A-2 to better display the en-
hancement of the fragment impacts in the vicinity of the maximum range.

A limited sensitivity analysis was performed with the trajectory calcula-
tions that gave the following results. The base calculation assumed
CD - 1.0, A - 645 mm2 , and v - 1500 m/s.

(1) a ± 10% variation in drag coefficient, CD - 1.1, 0.9 gives a
(-7.9%, + 9.6%) variation in maximum impact range.

(2) a ± 10% variation in drag area* A - 710, 581 mm2 gives a
(-6.1%, + 11.8%) variation in maximum impact range.

(3) a ± 10% variation in initial fragment velocity, v - 1650,
1350 m/s gives a (+2.5%, -2.7%) variation in maximum impact range.

The above results indicate that variations in fragment drag coefficientsS~and/or drag areas (characteristic fragment lengths) have a more significant

effect on the fragment impact ranges than do comparable variations in initial
fragment velocities.

Note that the 30.5 m (100 ft) impact range increment used to define the
fragment impact range distribution (Table A-2) is on the order of variation
of the impact range for a 10% variation in initial fragment velocity.

For the same shape fragment this corresponds to a (-7.0% + 13.6%) variation
in characteristic fragment length. Note that the variation in impact range
correlates more closely with changes in fragment length than with area.
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TABLE A-2 GENERIC PREFORMED FRAGMENT IMPACT

RANGE DISTRIBUTION

Maximum Number of
Mass Detonating
Warheads to Satisfy

, Fragment Hazard
Range Increment % of Fragments to Impact Criterion for Range

(ft) Within Range Increment** Increment**

0-100 1.1 3

100-200 1.1 10

200-300 111 17

300-400 1.1 23

400-500 1.1 29

500-600 1.1 35

600-700 1.2 41

700-800 1.2 47

800-900 1.2 52

900-1000 1.2 58

1000-1100 1.2 64

1100-1200 1.2 69

1200-1300 1.2 74

1300-1400 1.2 79

1400-1500 1.3 84

1500-1600 1.3 88

1600-1700 1.3 92

1700-1800 1.3 96

1800-1900 1.4 99

1900-2000 1.4 101

2000-2100 1.4 103

2100-2200 1.5 105

2200-2300 1.5 107

2300-2400 1.6 108

2400-2500 1.6 109

2500-2600 1.7 109

2600-2700 1.8 109

2700-2800 1.8 109

2800-2900 1.9 107 lo
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TABLE A-2 (CONT.)

CA Maximum Number of
Mass Detonating
Warheads to Satisfy
Fragment Hazard

Range Increment* % of Fragments to Impact Criterion for Range
(ft) Within Range Increment** Increment**

2900-3000 2.0 106

3000-3100 2.1 103
3100-3200 2.3 100,

3200-3300 2.5 96

3300-3400 2.6 92
3400-3500 2.9 87

3500-3600 3.2 82

3600-3700 3.5 76

3700-3800 4.0 69

3800-3900 4.6 60
3900-4000 5.5 52

4000-4100 7.4 39

4100-4200 18.4 16

Computations were performed in English units (100 ft " 30.5 m).

These results for 43 entries in the present table are interpolated using a
four-point scheme from the results of 44 trajectory calculations.
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A quantity-distance study was performed for the basic TOW guided missile
DGH-72A-1 In pallet, weapon skid, and helicopter transport/handling configura-
tions.

A sympathetic detonation teat wan conducted with the missiles In the pallet
"unit load (ADU-486/E pallet adapter) configuration to verify analytical predic-
tions for detonation propagation. Plish x-ray tests were performed to verify
estimates for the shaped charge slug mass. shape, and initial velocity. The
tests supported the predictions. For differences that did occur between the
test results and predictions, the predictions tended to be conservative --
that is, they over-estimated the hazard. Analyses of the test data indicate
that propagation of detonation in the pallet configuration is highly unlikely.
However, violent reactions did occur within the pallet but were liunited to
nearby missiles within a direct line of sight from the donor warhead.

Without shipping containers, all missiles are expected to detonakin the
weapon skid configuration. Only a vertical pair of missiles in tho four round
modular launcher is expected to detonate in the helicopter configuration.

The maximum credible events and the associated hazard ranges for the
transport/handling configurations considered are listed below.

Maximun, Credible Event (NCE)

TNT Equivalent for Violent Reactions
Configuration Detonation Contribution Detonation, kl(lb) Contribution

Pallet 1 warhead plus 5.5 (12) 7 warheads plus
flight motor 7 flight motors

Weapon Skid 16 warheads plus 55.2 (122) 15 flight motors
flight motor

Helicopter 2 warheads plus 8.8 (19) 2 warheads plus 
1

flight motor 3 flight motors

Acceptable Hazard Range

Configuration Airblast, m(ft) Fragments,.m~ft)

Pallet 37 (121) 71 (233)

Weapon Skid 77 (252) 87 (285)

Helicopter 42 (139) 58 (190)

Only detonations contribute to the airblast acceptable hazard range
determination. The determination of the fragment acceptable hazard range also
includes the effects of violent (non-detonating) reactions. As can be seen from
the table above, the acceptable hazard handling arc that can be applied to all
transport/handling configurations considered is 87 m (285 ft) as determined by
the fragment hazard. Because no hazard ranges went beyond 152 m (500 ft), no
inhibitor/shield design is needed.

There can be one unique hazardous fragme.it formed, the shappd charge slug,
that can travel well beyond the fragment hazard ranges listed above. The slu!,
if it is formed, represents a significant hazard for the direction in which the
missile is pointing. Controlling the orientation of the missile or using a
massive shield appear to be the two basic methods available for reducing the
slug hazard from a missile transported/handled in the all-up configuration.
The Jet associated with the shaped charge dissipates well within the acceptable
hazard handling arc stated above. However, it should be pointed out that pro-
per initiation of the shaped charge explosive is ruquired for formation of the
Jet and slug. If the warhead explosive is not proper y initiated near the
detonator, it is highly unlikely that either the jet or the slug will be formed.
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I. INTRODUCTION

This task was performed as part of TOW systems safety engineering support
to satisfy the Weapon Systems Explosives Safety Review Board (WSESRB) approval
for service use of TOW weapon equipped helicopters aboard Navy vessels.

Methods developed for the Naval Explosives Safety Improvement Program (NESIP)
Technology Base were used to obtain the analytical results presented in this
report. The methodology is described briefly in Reference 1.

Flash x-ray tests with a TOW missile warhead in shipping configuration
(CNU-333/E) and with a bare warhead were conducted at the NSWC Montana Shelter
Facility, Dahlgren Laboratory, to define the shaped charge slug parameters. A
sympathetic detonation test for a unit load (ADU-486/E pallet adapter) of TOW
missiles (quantity eight) with one donor and seven acceptors was conducted at
the Naval Ordnance Missile Test Facility, DICE THROW Test Site, White Sands
Missile Range, New Mexico to establish experimentally the airblast and fragment
hazards associated with an accidental detonation in the pallet handling unit.
These test results were required to verify and complement the analytical haz-
ard predictions.

The hazard definition of interest here is the acceptable hazard handling
arc. The acceptable arc for an explosion event is determined by the minimum
range at which both blast overpressure and fragment hazard criteria are satis-
fied. These criteria are:

(1) The blast overpressure must be less than 6.9 kPa (I psi).

(2) The hazardous fragment flux evaluated for the ground
surface area must be less than 1 hazardous fragment per
56 m2 (600 ft 2 ). A fragment is considered hazardous when
it has an impact energy of 80 Joules (58 ft-lb) or greater.

A Note that the fragment hazard criterion specifies an acceptable areal density
for hazardous fragments, not a maximum range for hazardous fragments. There
can be hazardous fragments beyond the acceptable hazard handling arc; however,
their areal density must be less than the level specified by (2) above.

An NSWC technical report that presents more detailed analytical and test
results is to be published at a later date.

IPorzel, Francis B.,"Technology Base of the Navy Explosives Safety Improvement
Program," Minutes of the Nineteenth Explosives Safety Seminar, Department of
Defense Explosives Safety Board, Los Angeles, CA, Sep 1980
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II. BASIC TOW MISSILE DESCRIPTION

The basic TOW (Tube Launched Optical Tracked Wire Guided) Weapon
(designated BGM-7lA-j) is a guided missile propelled by solid propellant
launch and flight motors that delivers a conical shaped charge warhead.
The missile is shown deployed and in various transport configurations in
Figures 1 through 6.

The mass breakdown for the missile and selected dimensions are given
in Table 1. The explosive and propellant properties are given in Table 2.

III. SYMPATHETIC DETONATION

The configurations considered in this section are the palletized basic
TOW missile in launch tube (Figures 1 and 2) and shipping container (Figure 3)
as shown in Figure 4, the basic TOW missile in launch tube only as illus-
trated for the weapon skid in Figure 5, and the helicopter launcher in Figure 6.
Tables 1 and 2 contain the pertinent values used in the calculations below.
Only warhead (W/H) and flight motor (F/M) combinations were investigated because
Reference 2 indicates that the W/H explosive and F/M propellant would sympathet-
ically detonate each other,* and that the launch motor propellant would not
sympathetically detonate for either a W/H explosive or a F/M propellant detona-
tion. Table 3 lists the donor/acceptor combinations considered and the pressure
thresholds necessary to detonate the acceptors. In the calculations below, the
total prompt energy available from a W/H explosive detonation is taken to be
10.04 HJ and that from a F/M propellant detonation is 6.26 MJ.

Airblast Initiation Predictions

Blast induced pressures in the acceptor materials were calculated in the
following manner. The donor was assumed to be a spherical charge. UTE (Ref. 3)
calculations were made for the normally reflected pressures at the positions of
the acceptors. Any shielding effects of the intervening materials were ignored,
which results in the highest loads being calculated. It turns out for this parti-
cular TOW configuration that including the intervening materials as added mass
surrounds about the donor does not appreciably change the reflected pressures
calculated. The induced pressures were assumed to equal these reflected pressures
in the acceptors and are listed in Table 3. All the blast induced pressures are
significantly less than the detonation thresholds of the acceptors except for
case 5 where the fragment induced pressure is even greater than the blast induced
pressure. For these reasons no corrections were made to the UTE calculations to
account for the cylindrical geometry of the charge or the effect of any
shielding by intervening materials.

The electronics section was not included in the Reference 2 tests. The present
calculations do account for the electronics section.

2Lynch, C. L. and Tucker, W. L., "TOW Hazards Classification Tests," Report
No. RT-TM-66-73, U.S. Army Missile Command, Redstone Arsenal, AL, 15 Sep 1966.
3
Porzel, Francis B., "Introduction to a Unified Theory of Explosions (UTE),"
NOLTR 72-209, 14 Sep 1972.
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Fragaent Initiation Predictions

Fragment induced pressures in the acceptor materials were calculated
in the following manner. The donor was considered to be a cylindrical charge.
Initially, the energy flux and mass motion of the donor are assumed to be
directed normal to the charge surfaces. It was estimated for both W/H and F/M
donors that approximately 60 percent of the mass and energy is directed
radially outward from the sides and 20 percent is directed axially from each
end face. Appropriate masses for materials located between donor/acceptor
explosives and propellants were used in the velocity calculations. The more
important mass values are given in Table 1.

The initial velocity of a fragment was calculated according to the
formula:

vuC(* x ~I 1/2

where v initial'velocity of the fragment

E - donor energy propagating in the given direction

M - mass accelerated in the given direction

The additional factor of 1/2 accounts for the initial partition of energy
between kinetic and internal energy. The calculated velocity was used in the
following equation to estimate the pressure induced by fragment impact in the
acceptor material.

P - pcv/K

where P - pressure induced in acceptor

p - initial density of acceptor

c - sound speed in acceptor material

v w initial velocity of fragment as calculated above

K - factor representing reduction in fragment velocity
due to conservation of momentum between fragment
and shielding material

When the intervening mass increments (mi) are accumulated and carried along

with the original fragment mass (mo), the K-factor is calculated as:

K - i +ni/mo

where the summation includes all mass elements involved. When the intervening
mass elements (mi) are punched out and then separate from the original frag-
ment mass (mo) before striking the next plate, the K-factor is calculated as:

K - Q(1 + mi/m)M
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where the product function covers all appropriate mass elements. The first
definition for the K-factor results in the highest calculated induced
pressure in the acceptor material.

As summarized in Table 3, if the F/M propellant detonates, the associated
W/i explosive should sympathetically detonate, but the adjacent F/M propellant
should not. If the W/H explosive detonates, the associated F/M propellant should
not sympathetically detonate but the adjacent W/H explosive may possibly
sympathetically detonate. Since W/H to W/i sympathetic detonation is marginal.
it can be expected in the pallet configuration that some adjacent warheads may
sympathetically detonate, but that any propagation of detonations will rapidly
die out. Note that even though the adjacent W/H may not detonate, the high
induced pressures calculated indicate that the W/H explosive is very likely to
experience an energetic reaction such as deflagration or rapid burning.

Sympathetic Detonation Test

A sympathetic detonation test was conduced by the Naval Ordnance Missile
Test Facility personnel at the White Sands Missile Range, New Mexico. The
objectives were to: (1) determine the maximum credible event (MCE) for the deto-
nation of a single shaped charge W/H in a unit load pallet configuration
(ADU-486/E) of eight all-up basic TOW missiles in CNU-333/E shipping and storage
containers; (2) determine the airblast hazard range for the test configuration;
and (3) determine the fragment hazard range for the test configuration.

Missile #2 in Figure 4 was the donor W/H. A high speed camera was set up
to document the explosion event with a large field of view. A higher speed
camera was aligned nose-on to record detonation propagation between missiles in
the pallet. Two lines of pressure gages were set up to record the airblast
generated by the event. Fragment recovery areas were set up out to 427 m
(1400 ft) in 61 m (200 ft) radial by 200 angular sectors.

The test results pertaining to sympathetic detonation are discussed in the
next paragraph. Results pertaining to the airblast and fragment hazards will
be discussed in their respective sections.

Test Results

Post-test debris observations indicated that in addition to the donor W/H
detonation, five acceptor warheads broke apart violently and five flight motors
reacted violently. Six intact launch motors, one intact flight motor, and two
intact TOW missiles (still in CNU-333/E containers) were located within the
recovery area. The debris evidence, therefore, suggests that the maximum con-
tribution to the MCE for this test would come from the explosive/propellant
from six warheads and five flight motors (30 kg (67 lb) TNT)).

The donor missile is labeled #2 in Figure 4. Missiles #6 and #8 were
* i recovered intact in their containers. This suggests the following propagation

scheme. The donor missile #2 fragments cause missiles #1, #3, #4 and #5 to
react. There is also a direct path for fragments between missiles #2 and #7.
Missiles #6 and #8 were shielded from direct impact by fragments from missile
#2. Therefore, missiles #6 and #8 did not react. If this propagation scheme
is correct, then a corner donor such as missile #1 would cause acceptor missiles
#2, #4, #5 and #6 to react. All seven acceptors, however, would react if
either missile #4 or #5 were the donor.
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The camera viewing the pallet nose-on, which could possibly have given
photographic evidence of sympathetic detonation, did not operate during the
test. However, the camera viewing the pallet side-on from a great distance
with a large field of view did document that only one shaped charge jet/slug
was formed, that of the donor warhead. This documentary film also showed that
at least two rocket motors did go propulsive for a short period of time and that
energetic reactions continued in the vicinity of ground zero for a considerably
longer period of time.

The airblast data indicates that only the donor W/H explosive detonated.
The violent reactions which were observed in the acceptor materials release a
considerable amount of energy which can contribute to the fragment hazard, but
which is too late to enhance the blast wave. Therefore, a warhead detonation
is not expected to cause sympathetic detonation in the pallet configuration.

Conclusions

Pallet Configuration. The predictions summarized for cases 2 and 3 in
Table 3 indicate that sympathetic detonation is marginal for the adjacent war-
heads. The pallet test which represented seven donor-acceptor detonation
propagation tests showed that there was no sympathetic detonation, but that
many violent reactions occurred. This agreement between predictions and test
results allows us to rely on the predicted results, which are somewhat more
severe, without having to test each of the other configurations.

The MCE for the pallet configuration shown in Figure 4 is the detonation
of one flight motor and one warhead, with violent reactions occurring in the
remaining warheads and flight motors.

Weapon Skid Configuration. Cases 5 and 6 in Table 3 indicate that the
warheads will mass detonate if any one of them detonates. The detonation of
a F/M will cause the detonation of a W/H (case 2), but will not cause the
adjacent flight motors to detonate (case 6).

The MCE for the weapon skid configuration shown in Figure 5 is, therefore,
the detonation of one flight motor and all warheads, with violent reactions
occurring in the remaining flight motors.

Helicopter Configuration. Figure 6 shows that adjacent weapons in the
vertical direction correspond to caaes 5 and 6 in Table 3. There is sufficient
launcher mass between horizontal neighbors that sympathetic detonation is not
expected to occur.

The MCE for the four round helicopter configuration shown in Figure 6
is the detonation of one flight motor and two warheads, with violent reactions
occurring for the remaining two warheads and three flight motors.
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IV. AIRBLAST HAZARD

The airblast hazard range is defined as that distance from the point of
detonation at which the side-on overpressure is equal to 6.9 kPa (1.0 psi).

Predictions

Airblast predictions for sea level conditions were calculated using the
computer program UTED4G (refs. 1 and 3). In the calculations, the total prompt
energy avialable from a W/H explosive detonation is taken to be 10.04 MJ and
that from a F/M propellant detonation is 6.26 MJ. The explosive/propellant
masses and case/launcher/shipping-container masses surrounding the detonating
materials were calculated using the data in Table 1. The predicted airblast
hazard ranges for the MCE's defined in Section III are presented in the table
in the Conclusions paragraph below.

Test Results

,The airblast results from the sympathetic detonation test described in
Section III indicate that the airblast hazard range is 25m (82 ft) for the
pallet configuration. This is the result of a single W/H detonating. The
predicted hazard range is larger because the MCE is the detonation of both a
W/H and a F/M.

Conclusions

The airblast hazard ranges for the MCE's in the handling/transport con-
figurations of interest are sumnarized below:

Airblast

TOW Configuration Hazard Range

Pallet 37 m (121 ft)

Weapon Skid (16 missiles) 77 m (252 ft)

Helicopter 42 m (139 ft)

The predicted maximum number of TOW weapons that can mass detonate and still
not exceed the airblast hazard criterion at 152 m (500 ft) is 70 weapons.

V. FRAGMENT HAZARD

The fragment hazard range is defined as that distance from ground zero
for which the hazardous fragment flux evaluated for the ground surface area
falls below one hazardous fragment per 56 m4 (600 ft 2 ). A hazardous fragment
has an impact energy greater than or equal to 80 Joules (58 ft-lb).

Predictions

In the present calculations, it was assumed that the energy from the
violent reactions contributed to the fragment hazard as well as that from the
detonations. The calculations indicate that the steel fragments from the F/M
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case are more hazardous than the aluminum fragments from the W/H case. The
predicted fragment hazard ranges for the MCE's defined in Section III are
presented in the table in the Conclusions paragraph below.

The fragment predictions were calculated using the computer code FEN
(ref. 1). The data in Table I were used to define the fragment characteristics
for the calculations. The characteristic dimension of the aluminum fragments
was taken to be equal to the thickness of the W/H case. That of the steel
fragments was taken to be one half the thickness of the thicker F/M case. The
larger the fragment dimension, the farther the fragments travel when all other
trajectory parameters are equal. A drag coefficient of 1.28, corresponding to
supersonic velocities, was used. A shape factor of 0.3, a typical value for
irregularly shaped bomb fragments, was assumed. The shape factor (SF) is
defined by the relationship: volume a SF x frontal area xc length. The initial
fragment velocity was taken to be equal to the velocity of the side spray
fragments from the flash x-ray tests described in Section VI. The predicted
fragment side spray velocity was quite close to the measured value.

Test Resultq

Thirty one large pieces of debris (fragments) were recovered from the
pallet test described in Section III, only a cursory fragment recovery effort
was performed in order to identify the major debris items. No comprehensive
recovery of hazardous fragments was undertaken. However, based only on the
recovered debris, the fragment hazard range for the test was evaluated to be
38 m (125 ft). Twelve of the recovered fragments landed farther than 38 m

from ground zero, but their areal density did not exceed the hazard criterion.

i' Conclusions

The fragment hazard ranges for the MCE's in the handling/transport
configuration of interest are summarized below:

Number of Fragment
TOW Configuration Weapons Hazard Range

Pallet 8 71 m (233 ft)

Weapon Skid 16 87 m (285 ft)

Helicopter 4 58 m (190 ft)

The predictions indicate that the mass detonation of basic TOW weapons
should not violate the defined fragment hazard criterion at 152 m (500 ft)
until the number of weapons approaches the level of 185 weapons.

VI. JET/SLUG HAZARD

The basic TOW shaped charge W/H, if initiated properly, will produce a
very high speed jet and a somewhat slower but more massive slug. Both the
jet and the slug travel in the nose forward direction.
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Proper initiation of the shaped charge explosive is required for formation
of the jet and slug. If the W/H explosive is not initiated near the detonator,
it is highly unlikely that either the jet or the slug will be formed. Detonation

of the F/4 propellant could possibly properly initiate its associated W/H. It is
extremely unlikely that more than one jet/slug set would be formed in any given
accident scenerio.

Because of , -nsltive nature of a number of the basic TOW warhead
parameters, the r - in this section are given in general, qualitative terms
for this paper.

Predictions

An estimate was made of the propagation (penetration) in air of the TOW
shaped charge jet using the expression below taken from Reference 4.

Xr N XS - t

where x - Residual penetration in steel after penetrating a thickness
r t through a protective material of density p

xs - Penetration in steel with no protective materials

t - Thickness of protective material

p - Density of protective material

Ps U Density of steel

By setting xr - 0 the "thickness" t of air traversed by the jet can be solved
for. This value of t will overestimate the distance travelled in air since
the above equation does not take into account the breakup of the jet due to
transverse instabilities over large distances of travel. Even so, the jet
is predicted to dissipate well within the acceptable hazard range of 152 m
(500 ft).

An estimate was made for the slug size and shape. Then a range of values
was considered for the other trajectory parameters (initial velocity, angle,
drag coefficient). The trajectory calculations were made using the computer
program TAJ (ref. 4). In the pallet configuration. where the slug started
out horizontally three feet above the ground, it was predicted for all com-
binations of assumptions that the slug would travel well beyond the acceptable
hazard range of 152 m (500 ft). If the missile were pointed upward at the

Soptimum elevation angle between 20 and 25 degrees, then the slug could easily
travel several miles before impacting the ground.

Flash X-ray Tests

Flash x-ray tests were performed by NSWC at the NSWC Montana Shelter
Facility at Dahlgren, Virginia. The objectives were to: (1) determine the
initial velocity, shape, and mass of the slug formed by the basic TOW shaped
4 Pugh, Emerson M., "A Theory of Target Penetration of Jets," NDRC Report

A-274 (OSP.D-3752) May 1944.49



charge; and (2) determine the initial velocity of the fragments ejected in the
side spray of the W/H section.

Two TOW W/H configurations were tested. For Test 1 the W/H was housed
inside the glass reinforced plastic launch tube and the aluminum shipping
container. For Test 2 only the bare W/H section was set up.

The slug shape and velocity were determined from two x-ray pictures taken
a known time interval apart. The slug mass was obtained from the shape on the
x-ray film, assuming that the slug was a solid of revolution about its longi-
tudinal axis. The initial velocities of the side spray fragments were determined
using a high speed camera to obtain fragment times of arrival at a 22 gauge
mild steel flash panel.

Test Results

A typical flash x-ray picture of the slug is shown in Figure 7. The slug
shape and mass were quite close to the predicted values. The velocities of the
slug and the side spray fragments were in the range considered for the predic-
tions. The test results indirectly indicate that the shaped charge jet will
travel substantially less than the predicted distance.

Conclusions

Because proper initiation of the shaped charge explosive is required for
the formation of the jet and slug, it is unlikely that a fully formed jet and
slug will be generated in an accidental detonation. It is extremely unlikely
that more than one jet/slug set would be formed.

The jet is expected to dissipate well within the acceptable hazard range
of 152 m (500 ft).

A slug, even partially formed, represents a significant hazard in the
direction that the missile is aligned at the time of the accident. The slug
could travel several miles before impacting the ground. Controlling the orien-
tation of the missile or using a massive shield appear to be the two basic
methods available for reducing the slug hazard from a missile transported/
handled in the all-up configuration.
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TABLE 1 MASS AND DIMENSIONS FOR BASIC TOW

TOW Missile

Warhead Section
Explosive Mass, kg (lb).. .. . . . . . . . . . . . . . 2.4 (5.3)
Total Mass, kg (lb) . . . . . . . . . . . . 0.. . .. . . 3.9 (8.6)
Aluminum Case Thickness, mm (in). .. ...... ................1.3 (0.050)

Electronics Section
Total Mass, kg (lb). .. ................ ..................1.61 (3.54)

Flight Motor Section
Propellant Mass, kg (lb) .. .. .............. ..............2.59 (5.72)
Total Mass, kg (lb). .. ................ .................. 5.65 (12.45)
Steel Case Thickness, mm (in) .. ........ ..................3.2 (0.13)

Center (Guidance) Section
Total Mass, kg (lb). .. ................ ..................2.44 (5.37)

Launch Motor Section
Total Mass, kg (lb) .. ........ ................ .. .... 5.48 (12.08)

TOW Total Mass, kg (lb). .. ........ . . .. .. .. .. .. .. 19 (42)

Launch Tube
Glass Reinforced Plastic Mass, kg (lb) .. ........ ............2.0 (4.5)
Total Mass, kg (lb). .. ...... .................. ............6.8 (15)
Thickness, mm (in) .. ...... .................. .. .. .... 1.9 (0.075)
Density, g/cm3 (lb/in3) .. .. .............. ..................1.87 (0.0676)

Shipping Container
Aluminum Tube Mass, kg (lb) .. .. .............. ..............4.63 (10.2)
End Cap Mass, kg (lb). .. ...... .................. .......... 4.94 (10.9)
Total Mass, kg (lb). .. ...... .................. ............14.5 (32)
Tube Case Thickness, mm (in). .. ................ ............ 1.6 (0.064)

Polyethylene Foam Cushion
Total Mass, kg (lb)......................1.4 (3.0)
Radial Thickness, mm (in)....................7.2 (1.07)
Density, g/cm3, (lb/ft3). .. ................ ................0.032 (2.0)
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TABLE 2 EXPLOSIVE AND PROPELLANT PROPERTIES

(Warhead Explosive: OCTOL Type I - 75/25 (HMX/TNT)

Density, g/cm3 (lb/in3 ) ........... 1.81 (0.0655)
TNT Equivalent ....... ................ .. 1.38
Large Scale Card Gap Test ... ......... .... 220 Cards

1.64 GPa (16.4 kbars)
Sound Speed, m/s (ft/s) .... ........... ... 2400 (7890)

Flight Motor Propellant: PNJ Double Base Propellant

Density, g/cm3 (lb/in3 ) .... ........... ... 1.58 (0.057)
TNT Equivalent (Estimated) ............. ... 0.8
Card Gap Test ......... ..... ........... 55 Cards

7.7 GPa (77 kbars)
Sound Speed, m/s (ft/s) .... ........... ... 1580 (5180)

Launch Motor Propellant: M7 Double Base Propellant

Density, g/cm3 (lb/in3 ) .... ........... ... 1.63 (0.059)
Card Gap Test ...... ... ................ 65 Cards

3.5 GPa (35 kbars)
Sound Speed, m/s (ft/s) ... ........... .... 1630 (5348)
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TABLE 3

SYMPATHETIC DETONATION PREDICTIONS FOR PALLETIZED BASIC TOW

Overpressure in
Acceptor

Case Donor Acceptor Detonation Blast Fragment Sympathetic
Threshold Induced Induced Detonation

_GPa (kbar) GPa(kbar) GPa (kbar)

Same Weapon

I W/H F/H 7.7 (77) 0.53 (5.3) 2.0 (20) No

2 F/H W/H 1.6 (16) 0.36 (3.6) 2.8 (28) YES

Neighboring Weapons, With Shipping Containers

3 W/H W/H 1.6 (16) 0.37 (3.7) 1.6 (16) Marginal

4 F/M F/M 7.7 (77) 0.25 (2.5) 1.2 (12) No

Neighboring Weapons, Without Shipping Containers

5 W/H W/H 1.6 (16) 1.5 (15) 2.5 (25) YES

6 F/M F/M 7.7 (77) 1.5 (15) 1.3 (13) No

So
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FIGURE 4. FLEET ISSUE UNIT LOAD, GUIDED MISSILE BOM-71A.1,
BGM-71C (TOW) OR BTM-71C (INERT) IN ADAPTER ADU-4881E
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,> HALF-SCALE SUBMARINE TENDER WORKSHOP EXPLOSION HAZARDS

4JI Joseph G. Connor, Jr.

Naval Surface Weapons Center
White Oak, Silver Spring, Maryland 20910

ABSTRACT

An part of the Naval Explosive Safety Improvement Program (NESIP), a
torpedo warhead was detonated inside a 1/2 scale model of a submarine tender
workshop. The modol was tightly confined on the bottom and three sides,
lightly confined on the top and the remaining side- off which fragments were
collected and shock overpressure measured. This test constitutes a worst case,
since the bulkheads in the ship will provide much less confinement than was
built into the model. Fragment hazards extend less than 300 feet from the
model and I psi overpressure was observed 400 feet from the model (300 and 800C feet for a full scale tender). A second test was performed in which the sides
of the model were less tightly confined than on the first. No fragments were
recovered and I psi overpressure was observed 200 feet from the mudel (400 feet
from a full scale tender).
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INTRODUCTION
The primary objective of the Naval Explosives Safety Improvement )

Program (NESIP) is to establish the Maximum Credible Event (MCE) and the

acceptable hazard ranges pertinent to a variety of munitions handling
situations. Acceptable hazards are defined as follows:

- less than one psi blast overpressure

- less than one fragment per 600 ft 2 of collection area with kinetic
energy less than 58 ft~lb.

A specific NESIP goal is to determine acceptable hazard ranges for
accidental explosions of torpedo warheads aboard a submarine tender. If
these ranges are less than the hazard arcs specified by regulation, the
proscribed arcs may be reduced by the DDESB.

BACKGROUND

Accidental torpedo warhead explosions aboard a submarine tender that may
pose serious external threats will occur either in the workshop or in the
magazine below the workshop: This portion of the ship is illustrated in
Figure 1. Tests conducted under the aegis of NESIP (References I and 2)
indicate that the MCE for an explosive accident in either compartment can be
limited to a single warhead by shielding and judicious weapon placement.

These previous tests have led to the following conclusions:

For a single unconfined warhead outside the ship:

- torpedo propellant may burn vigorously, but will not detonate in
the tender accident scenario

- one psi side-on overpressure will be observed at or inside the
500 ft range

- one hazardous fragment per 600 ft 2 will be found well within the

500 ft range.

For sympathetic detonation of warheads in the same compartment:

- detonation of a single warhead in the workshop will not induce
subsequent detonations of another, properly oriented, warhead in
the workshop, or of warheads in the magazine

mass detonation in the magazine will not occur if the weapons are
spaced, oriented and shielded properly.

Connor, J. G., Jr., "Accidental Torpedo Detonation in Submarine Tender
Workshops," 19th Explosive Safety Seminar, Los Angeles, CA, 9-11 Sep 1980.

2 Connor, J. C., Jr., "Shipboard Effects of Accidental Torpedo Warhead
Detonations," NSWC TR 81-289, June 1981.
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The next step is to assess the hazards associated with detonation of a
single warhead inside the workshop compartment. One model test has been

d i completed and another is in the process of being analyzed. Both tests involved
lighting off a half scale torpedo warhead inside a half scale model of the
workshop area of the ship. Structural debris collection and side-on pressure
observations confirm the 500 ft hazard range implied by the earlier unconfined
warhead tests.

AS-18 MODEL: DISCUSSION

In the workshop a single torpedo warhead is normally located near a
longitudinal bulkhead at one side of the workshop. Explosion of the warhead
will cause the longitudinal bulkhead and the decks above and below to open.
Hot explosion product gases then will vent to the neighboring ship compartments.
The longitudinal bulkhead on the opposite side of the workshop is not likely
to be ruptured. by the shock front.

The hull plate aboard ship is not expected to be perforated, but pieces
may separate from the (horizontal and vertical) stiffeners at the weld lines.
The intact hull plate will confine the explosion gases and debris to the ship;
it will also muffle the amplitude of the airblast observed outside the ship.

The initial outward velocity imparted to the hull plate by the explosion
shock has been calculated (Reference 2). The result of the calculation is an
upper limit on the initial velocity of the plate since it was based on the
assumption of an unimpeded shock striking a uniform unreinforced steel plate.
Reflected shocks from the nearby decks and bulkheads were not included in the
assumed load on the bull plate. With these restrictions, the initial velocity
of the plate was estimated to be just under 300 ft/sec. This velocity does
not give the plate sufficient kinetic energy per unit area to exceed the strain
energy required for rupture. Thus, no perforation is expected when the warhead
is detonated behind an intervening bulkhead and various items of furnishings.
The net permanent deformation is difficult to predict because of the many weld
joints at the decks and plate stiffener junctions.

The structure is modeled carefully after the ship on the side closest to
the expected location of the warhead - the area of the ship that can supply
material for fragments, and the area through which the shock front must pass.
The remainder of the model simply represents the structural mass and enclosed
volume of the ship compartments that will be opened up by the blast front, and
into which explosion gases can expand. Structural details are considered to
be unimportant in areas of the model other than those in the exit paths for
fragments and blast. Early time confinement approximating that supplied by
the stiffened decks and bulkheads in the ship is provided by earthen restraints
along the sides, back and over the roof of the model.

AS-18 MODEL: CONSTRUCTION DETAILS

Plan and elevation views of the models used for both tests are shown
in Figures 2 and 3. In both cases, the portion of the model facing the
fragment recovery pad and pressure gage line is modeled as closely as possible
from the ship drawings.
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For the first test. the two sides and back (the side away from the

recovery pad) wre formed by an excavation in a previously undisturbed
hillside abutting the pad area. The roof was galvanized steel sheets not/
fastened to the supports, but covered with about 10 inches of earth so that
it would remain in place for a short tim but blow away after the initial
confinement. Each end of the hull plate was anchored at two points by ex-
tending horizontal stiffeners into pockets cut into the hillside. The top
of the hull plate was not restrained while the bottom was held back by
several stakes driven into the ground.

The model fir the second test was a replica of that used on the first
test as far as internal volume and structural details of the hull plate are
concerned. However, the two sides and back were much less tightly confined
than they were on the first test. The back consisted of steel plating
resembling in mass but not structural detail the side facing the pad. The
sides were restrained by 4 ft of earth sandwiched between the steel model
walls and I ft thick concrete pads. The roof was identical to that on the
first model.

The construction changes on the second test resulted from a conscious
effort to avoid the excessive confinement provided on the first test by the
excavation walls in the virgin hillside.

On another series of NESIP tests (Reference 3) it was found that furniture
inside the compartments close to the exploding warhead had a significant
effect on fragment dispersion and hull breakout. Thus, each of the present
models contained objects to simulate the items normally found in the torpedo
workshop. The first test model was less heavily loaded than was the second.

TEST RESULTS

Photographs of the models before and after each test are shown in
Figures 4 and 5.

First Test. The simulated hull plate was pulled loose from its moorings
and thrown 300 ft. It was recovered with no penetrations and no evidence of
fragment strikes on its inner surface. At a point opposite the warhead, it
was bowed outward about 3 ft indicating that the fingers at each end of its
length had provided insufficient restraint. The explosion pushed the center
portion out until the fingers were no longer seated in their pockets in the
hillside. The plate was then driven away from the model; the simulated
furniture followed. Most of the structure and furniture fragments recovered
from the pad were found in a circular segment 150 on either side of the center
line of radius 400 ft from the warhead. The density of fragments recovered
was less than I in 1200 ft 2 at the 400 ft radius.

The hard, lava-like material of the hill in which the model was constructed
provided unyielding reflecting surfaces which enhanced the shock loading of the
hull plate and furniture. Thus the fragments were subjected to a sustained
driving pulse which pushed them out onto the recovery pad after the hull plate
had departed.
3 Swisdak, M. M., Jr., "Determination of Safe Handling Arcs Around Nuclear
Attack Submarines," i9th Explosives Safety Seminar, Los Angeles, CA, 9-11 Sep 1980. o

510

- ~ - t.A. ,•



This megaphone effect also enhanced the amplitudes of the shock sensed
by the pressure gages on the center line from 46 to 320 ft from the warhead.
The pressure distance curve is plotted in Figure 6 together with that from
the second test. On the first test, one psi is observed at 400 ft from the
1/2 scale warhead, corrected to sea level. For a full scale warhead, one
psi would be expected as far out as 800 ft in similar circumstances.

Second Test. The simulated hull plate was anchored to two earth-filled
steel boxes which were restrained by large concrete slabs as shown in Figure 3.
The back of the model was unrestrained - while the first was set into a hill.

As a result of these differences, when the warhead detonated in the second
model the hull plate and its anchors moved forward a few feet and tipped over
without parting any welds. No debris left the model.

One psi overpressure was observed at 200 ft from the warhead - corrected
to sea level conditions. Thus, one psi from a full scale warhead .in a full
scale ship at sea level would be expected at 400 ft from the warhead.

The motion of the hull plate was monitored with Doppler radar and a high
speed camera. Preliminary measurements indicate that the maximum plate velocity
was 10 to 20 ft/sec about a third of a second after motion began. This is much
less than the prediction for an unstiffened, unconfined and unrestrained plate.

DISCUSSION

It is apparent that little, if any, debris will leave the side of a
submarine tender following detonation of a full scale warhead in its torpedo
workshop.

Earlier tests have shown that sympathetic detonation among warheads in
the workshop and magazine is unlikely or can be prevented easily. The present
tests were intended to involve the worst case of a single warhead accident:
a single warhead detonates accidentally in the torpedo workshop near the hull.
Detonation of a single warhead in the magazine, since it *is further removed
from the hull plate, will induce lesser hazards outside the ship than one
detonated in the workshop.

CONCLUSIONS

For a single warhead detonated in the workshop:

- Initial velocity of any debris will be less than 25 ft/sec

- Any debris will be confined to a segment of radius 400 ft, 150 on
either side of the normal to the hull plate

- One psi from a full scale warhead at sea level will be observed at
400 ft from the warhead.
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EXPLOSION CONTAINMENT% PROGRESS,
SSCALING LAWS, AND MATERIAL PROPERTIES*

by0
John J. White, III and B. Dale Trott

Battelle, Columbus Laboratories
Columbus, Ohio

ABSTRACT

The BatteUe O~dnance Technotogy Section ha4 been invotved

6o4 6eveAat yeau wt, the development o6 Navy (Tri-Service) tec.hnotogy

Sor the containment oA exptooionu in portable spheA-L ch2rhbe•v. The

central topic o6 thih paper concernu the toom temperaLture teting of a

FrostLtne 6teel veet with 22 repetitive explozion 6from 4.54 kg (10 lb)

chwLge o6 Composition C-4 high explosive. The cumutative plastic de-

formOtion o6 the Ahett ha. been anatyzed in the impwute app4oximation

to giue ef6ect~ve vatuez 6or the Fro6tZine mechanical equation of Atate.

Evidence o6 work hAdening i.6 found. Seating taws6 predicting the peak

e uit~c rkepone o6 expLos6ivety Zoaded 6pheAicO. Ahe axe compared.

Recent titerature on the topic oA expos6ion contanment, inctuding Soviet

inteAeo6t, 6 briefly reviewed.

il *Sponsored, in part, by the U.S. Naval Explosive Ordnance Disposal
Facility, Indian Head, Maryland, under Contract No. N00174-76-C-0103.
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TNTRODUCTION

Portable, reuseable, accessible explosion containment chambers

offer a number of advantages to situations where unplanned or infre-
(1,2)quent detonations should be confined• " The unwanted effects of

blast, fragments, noise, and toxic mater¶ials released by explosions

can be contained by proper design. Fracture-safe design is a signi-

ficant topic for all applications.(1) High containment efficiency

(ratio of charge to vessel weight), which is essential to portable

vessels, leads to the anticipation of elastic-plastic responses'in

the vessel design. (3,4) The type-classified Mk 634 Mod 0 Explosive

Devices Container( 5 ) represents the state-of-the-art in such portable

chambers.

The principal application(2) for portable explosion containment

technology concevns the handling of terrorist bcmbs and related devices.

Safe transport of the dangerous item to a preferred location for disposal

is desired. The need in the civilian sector is for each major population

center to have its own device. It is important for safety reasons to

insure that the most reliable design information be disseminated. Similar

thoughts apply to explosion containment design for manufacturing ammuni-

tion, demilitarization of ammunition, and advanced weapon development.

This paper documents a portion of an evolutionary development
(6-8) wihldt h k64Md0Dvc.Abifltrtr

program, which led to the Mk 634 Mod 0 Device. A brief literature

review is made to keep users of the technology abreast of related acti-

vities. Scaling laws for the prediction of elastic responses in spheri-

cal vessels are compared to show their usefulness and status. A room

temperature explosion test series(9) on a Frostline steel vessel is

presented. Each 4.54 kg (10 lb) shot added to the cumulative residual

strain in the vessel shell. The data is then analyzed in the impulse

approximation to predict an effective mechanical equation of state for

Frostline steel.
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LITERATURE REVIEW

As steady contributors to the literature in the field of

explosion containment, we make a practice of collecting and refer-
Sencing relevant contributions of interest to our colleagues. To

save space, we mention these contributions once, and refer our
Sreaders to previous papers (1-9) containing other significant

references.

The student of technology development will find the Carlson

report 10) Zrom 1945 very interesting. His objective was to analyze

the design and test results for a prototype vessel called "Jumbo"

and some tenth-scale versions called "Jumbinos". The vessel "Jumbo"

was a cylinder capped by thinner gage hemispheres. It was expected

to confine an explosion from a two-ton charge.

Developments on cylindrical vessels closely parallel efforts

with spheres. M. C. de Malherbe, et al. (1)performed a successful

analysis of a gas detonation wave propagating down the axis of a

cylinder. A. G. Ivanov and coworkers (12) extended a Soviet interest

to optimize the weight efficiency of cylindrical containment chambers.

They are using the approach of multilayer walls to stop crack propaga-

tion and avert catastrophic rupture of the whole structure. A. A.

Buzukov (13) has reported additional experimental data to confirm the

loading history and vibrational response of cylinders to line charges.

Recent research on spherical containment includes contributions

from LANL, BRL, and the Soviets. D. C. Moir, 1 4 , of LANL performed a
safety analysis to determine the capability of an outer safety sphere

to contain all products of the catastrophic failure of an inner confine-

ment vessel. This leads to the challenging problem of the penetration

capability of a hemisphere striking a larger radius hemisphere inter-

nally. T. R. Neal( 15 ) of LANL has addressed the charge rating criteria

for elastic responses of spherical shells, i.e., an equivalent of the

scaling law published( 1 ' 4 ' 1 6 ) by the present authors. The practical

interest in this case is to assure a reuseable confinement shell.

521



BRLL(17) has evaluated a novel approach to spherical contain-

ment that involves off-center detonation of bare charges. The shell

is relatively thin, however thl weld line is heavily reinforced with

thick internal and external bands. The charge is rotated from the

port to various positions off-center but within the weld plane. This

device is one of the Army's more effective suppressive shield designs.

The use of 1020 carbon steel is not attractive from a service tempera-

ture/fracture safety point of view.( 1 ) The application is not stated,

but a manufacturing process appears to be a good candidate. Battelle

published pipe bomb containment results(8) for a similar sized vessel

in 1978.

T. A. Duffey and coworkers (18-21) have been active in extending

the theory of spherical explosion containment. They have considered

the case of a thin shell surrounded by an infinite elastic medium, e.g.,

a vessel buried in concrete or sandstone. (18,19) Some earlier calcula-

tions(20) on blast loading and free shell response were presented (21)

at the ASME Pressure Vessel and Piping Division Conference in Orlando,

June 27-July 1, 1982.

The recent Soviet work on spherical vessels has concentrated on

strength scale effects in water-filled shells and on the correct dynamic

loading of an air-filled shell. Ivanov, et al.( 2 2 ) conclude that the

easier failure of scaled-up, water-filled vessels is not explainable in

terms of strain rate effects. The calculations by Zhdan( 2 3 ) and also

the LANL group(20) raise the interesting question of resonant loading

effects due to periodic pressure pulsations within the vessel. The

impulse appears to be increased for distances less than 10 charge

radii. The data of Buzukov(13) on pulsations in cylinders is consis-

tent with this line of investigation.

Some new information of equipment and facilities may be of

interest. The FBI Total Containment Bomb Trailer(6) is one of many

interesting devices displayed in the recent book(24) by Michael Dewar.
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The vessel and trailer were developed by Pictanny Arsenal with the

technical support of the Battelle Ordnanco Group. Individuals

interested in permanent test facilities may wish to consult NSWC TR

3891 to learn about the Dahlgren blast confinement chamber.(25)

Similarly, Battelle is expanding its capabilities by building a new

terminal ballistics facility. Laboratories wishing to study small-

scale explosions may want to consider a Fike 20 Liter Test Sphere.( 2 6 )

The cost per pound of explosive contained may be rather high. A

rather exceptional contribution on the topic of dust explosions and

their control is the new English-language version of the book by

W. Bartknecht. (27)

SCALING LAW FOR ELASTIC RESPONSE

We recently published a useful scaling law(1,16) for quickly

predicting the peak first-cycle response of an elastic spherical

shell loaded by the explosion of a centered, bare, spherical charge.

The results for a given vessel material may be expressed in the form

C €max a K1R -1.293 h-1.026 M 0.772 (1)

where max is the peak strain, K is a constant, h is the shell thick-

ness, R is the shell radius, and M is the explosive mass. In the

impulse approximation, Eq. (1) becomes

= K2 R -1. 3 9 h -1. 00 M 0. 8 0  (2)• max 2

The calculation of these equations involved computer runs of SPLAS(3, 4 )

for a wide range of shell designs, shell materials, explosive charge

weights, and peak stresses. The vessel was filled with air at STP.
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Iqe. (1) and (2) can be compared with the experimental findings
of Neal, 14w20,28) whose results may be written

"tmax . K3R -1.883 h -1.000 M 0.961 (3)

Eq. (3) Is specific to 9 shots on steel vessels with 4 values of the
air density In the vessel. The discrepancies among the exponents of

R and M need to be resolved through further research.( 2 0 ' 2 3 )

These equations also offet the opportunity ýto ask what effect

the shell radius to thickness ratio, R/h, has on vessel performance.

The answer is most easily answered in terms of the specific contain-

ment ratio, K/4v , where MKv Is the thin shell mass. Eqs. (1-3) can be

rewritten and closely approximated by

C- 0(.252 \• ,772  (4)

ao T .20 (_. o.8o (5)
tmax " C2 (,(M)

and

emax 3 () ). 1 (6)V

respectively, where C is a constant. Alternatively, these equations

can be written as

V C ý:0.77 (7)M (,)H4 \Etn /

/ 'ho.80 O0.25 (8)
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If M and €max are specified, the BCL results expressed by

Eq. (7) states that 25.42 more metal is needed if R/h is doubled.

Thus thicker shells offer some advantage over thiner shells of the

same mass. The LANL result expressed by Eq. (9) states that only

2.9% more metal is required if R/h is doubled. This comparison

clarifies the incentive for obtaining better knowledge of the

scaling law exponents.

EXPERIMENTAL MULTIPURPOSE BLAST CONTAINMENT CHAMBER

Our recent publications(1','16) on explosion containment have

emphasized materials performance at low service temperatures and also

scaling laws for vessels having an elastic response. This section

returns to a previous topic, namely the elastic-plastic
response of a spherical vessel to repetitive explosion tests.

(9)The multipurpose blast containment chambers discussed below

were intended to meet the following objectives:

* Completely contain the blaot from 4.54 kg (10 lb)
of TNT detonated centrally within the chamber.
Repeat at least 7 times.

e Reduce blast overpressures outside of the vessel
at a 1.52 m (5 ft) radius to not over 27.6 kPa
(4 psi).

0 The chamber should be on a support cradle to
facilitate transport in trucks or on trailers.

The access port should be large enough to accom-
modate the passage of an attache case whose
dimensions are 0.305 x 0.432 x 0.089 m (12 x 17 x
3-1/2 in.) in a random orientation.

* The total weight of the chamber and cradle should
not exceed approximately 953 kg (2100 lb).

e Perform the blast containment role down to a
temperature of -34.4 C (-30 F).
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Difficulties meeting the last objective using Frostline* steel were

vividly illustrated in our paper at the Nineteenth Explosives

Safety Seminar.(1) The first five objectives were successfully met,

and it is the data(9) obtained to satisfy the first objective that

is reported and analyzed below. The explosive charge and vessel

weight constraints implied an elastic-plastic response by the vessel

material.

Chamber Design

The diameter of the chamber was selected on the basis of the

minimum diameter chamber which could incorporate a port of at least

0.536 m (21.1 in.) in diameter to pass the attache case as required

by the objectives. Our experience( 4 ' 8 ) had shown that port diameters

equal to the radius of a spherical chamber performed satisfactorily,

hence a sphere diameter near 1.07 m (42 in.) was selected.

The wall thickness of the chamber was selected on the basis

of iterative design calculations(4) of the weight of the reinforcing
ring, door, cradle, and chamber itself to obtain a gross weight of

chamber and cradle as near 953 kg (2100 lb) as possible. These calcu-

lations indicated a desired average wall thickness near 0.0229 m

(0.900 in.). This led to ordering the rolled gage of plate to be

hot-pressed in hemispherical shells at 0.0245 m (0.970 in.) with

instructions to hold overweight down.

It was found by ultrasonic measurements that the average thick-

ness of seven hemispherical heads at the pole was 0.8576 inches, indica-

ting an average thickening of 0.044 inches from the minimum to the pole.

The average wall thickness of the vessel was calculated under

the assumption that the heads have circular symmetry about their pole

points, and each set of measurements at a given polar angle was weighted

accordingly. The selected wall thickness led to an actual total vessel

weight including cradle of the first vessel of 976 ± 11 kg (2150 ± 25 lb),

within 2.4 percent of design objective.

Trade-name of Lukens Steel Company
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The Rattelle method for designing the door reinforcing ring

was employed. This approach has an excellent service record. Further

details are given elsewhere.(
4 ' 9 )

The previously used door design criteria(4) employed R flat disc

door whose thickness was established on the basis of static, elastic

stress formulas, such that the maximum stress in the door would equal

that in the spherical vessel. Examination of the door performance

realized(4,8) using this criteria showed that no measurable distortion

of the doors occurred, even for vessels which suffered catastrophic

failure. An opportunity to reduce the vessel weight with no sacrifice

of performance was recognized.

It is known from various stress analyses(6,7) that the door

stresses will be largest in the center, and gradually decrease toward

j the edges of the circular door. Hence, material was removed from the

outer edges of the door. The central 1/3 of the door was left flat
i(4)

near the design thickness. The thickness of the outer edge was

reduced by a factor of two. Thus, the back half-thickness of the

( "door was converted from a right-circular disc to a frustum of a cone.

This weight reduction amounted to 47 kg (103.5 lb) and resulted in

satisfactory performance of the door.

The door operating mechanism selected for use in these chambers

was suggested by B. S. W. Poe of the Naval Explosive Ordnance Disposal

Facility (NEODF), Indian Head, Maryland and tested for operational

feasibility in an approximately full-scale mock-up at NEODF. It con-

sists of a 12 VDC-powered electric winch mounted on a plate attached

to the outside top of the reinforcing ring. The winch lifts the door

from a rest position near the bottom of the chamber up to the fully

closed position by a steel cable attached to the outer face of the door.
The door is not otherwise attached to the chamber. This door operating
design is shown schematically in Figure 1 with the door shown both open

(dotted), closed, and secured by the auxiliary support spider.
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Door closed with support

Door open position with slack
In table to clear port

FIGURE 1. SCHEMATIC VIEW OF CHAMBER
SHOWING DOOR OPERATING
MECHANISM
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Observation of the operation cycle of the door on the scale

mock-up showed that only small, strong guides located ac either side

of the door along its horizontal centerline are needed to guide the

door into its final centered position and keep it there. The guides

chosen were 3/4 in. wide, 1 in. high, and 2 in. long. Analysis of

the geometry of door lift in the vessel showed that efficient lifting

action is obtained where the five-inch thickness of the reinforcing

ring is considered, if the cable is attached 2 in. above the door

centerline.

To provide positive support for the chamber door in the fully

closed position during road travel, an auxiliary support mechanism was

constructed. The mechanism consisted of a five-legged spider fabricated

from 6061 T-6 aluminum alloy with a captive central 0.0254 m (I in.)

diameter bolt. The spider legs were machined to fit inside the rein-

forcing ring to provide positive centering and overlap the outside to

provide positive closure. The central bolt attached to the door via a

nut welded to the center outside face of the door. The bolt was tight-

ened via a handwheel attached to the outer end of the bolt.

Materials Selection and Properties

The introduction of the blast containment service temperature

requirement of -34.4 C (-30 F) led to a program to evaluate the effective-

ness of available materials. (1,29) This resulted in a search for a vessel

steel that could be hot pressed into a hemisphere, has a modest cost,

and has adequate low temperature frecture properties. A special heat of

modified Frostline material was selected for the present application.

Frostline steel is quite similar to the A-537 material used

successfully in previous vessel programs.( 4 ' 7' 8 ) Frostline has a small

columbium (niobium) addition, which resulted together with special

rolling practice in fine grain in the range of ASM grain sizes 12-14.

The modified Frostline contains a calcium addition to control sulphide

shapes to a nodular form, thus giving increased toughness. The cost of

this material is comparable to that of A-537 material.
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The Charpy V-notch energies of separately heat-treated

Frostline at -59 C (-75 F) ranged from 79 to 262 J (58 to 193 ft-lb),

suggesting good Zracture resistance at the specified service tempera-

ture of -34 C (-30 F). Fracture-safe design practice suggests tLat the

nil ductility transition tomperature (NDT) for steels should be 120 F

(67 C) below the operating temperature, however since successes with

only 60 F (33 C) are reported. Unfortunately, the Charpy test data

is not always sufficient to evaluate the NDT, and drop weight or

dynamic tear test data must be used.

Difficulties with the fracture toughness of Frostline at -34.4 C

(-30 F) developed when dynamic tear tests were made as part of the base

metal and welding qualification procedures. Reheat treating of test

pieces gave successful fracture properties, but the full thickness

material did not respond adequately.

As reported previously,(1,28) explosion bulge and full scale

vessel tests confirmed that the modified Frostline material was not

adequate to meet the low service temperature blast containment require-

ment. A vessel was successfully tested at -6.5 C (20 F). HY-80

material has subsequently been shown to completely satisfy the material

rcquirements for this application. (1,2,5,29,30)

The rings and doors of the present vessels would also have been

fabricated from Frostline material. However, none of this material was

available in the required thicknesses. The more costly, alternate alloy,

HY-80 was selected based on its confirmed superior low temperature pro-

perties, and availability in the required thickness.

Explosion Testing At Room Temperature

Figures 2 and 3 give front and side views of a vessel fabricated

from Frostline steel. It is 107 cm (3.5 ft) in diameter, has a 2.29 cm

(0.90 in.) wall-thickness, weighs 998 kg (2,200 lbs) with aluminum

cradle, and has a 55.3-cm (21.75-in.)-diameter access port with a

circular door. Figures 4 and 5 show the explosive charge positioning

system in the extended and retracted positions. Figure 6 gives a good

*1
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FIGURE 2. FRONT VIEW Or THE FIRST FROSTLINE
EXPLOSION CONTAINMENT VESSEL AFTER
SHOT NO 23.

FIGURE 3. SIDE VIEW OF THE FIRST FROSTLINE VESSEL
C'ONTAINMENT VESSEL AFTER SHOT NO. 23.
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FIGURE 6. FRONT VIEW OF THE FIRST FROSTLINE
EXPLOSION CONTAINMENT VESSEL DURING
THE TEST SERIES. THE WINCH, CABLE,
AND ALUMINUM SPIDER SHOULD BE NOTED.

I!

FIGURE 7. REAR VIEW OF THE FIRST FROSTLINE
EXPLOSION CONTAINMENT VESSEL AFTER
SHOT NO. 23. SLIGHT DIMPLES MAY BE
OBSERVED SLIGHTLY BELOW THE LIFTING
EYEBOLTS.
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view of the aluminum spider, while Figure 7 indicates a slight

dimpling effect after many tests that is characteristic of mass

asymmetries.

An explosion testing series of 23 shots was carried out on

the first of these vessels fabricated. The tests were conducted in

the summertime inside a reinforced concrete test building. Thus the

vessel temperature just prior to the explosion was at least 15.6 C

(60 F) in every test completed.

The accumulated residual strain in the vessel material was

determined by means of measurements between fiducial marks making up

18 gage lengths. The marks were placed on three orthogonal great

circles so that the average response would closely approximate that of

a simple spherical shell loaded by the explosion of centrally-positioned,

spherical explosive charges.

Table 1 gives the average residual strain(9) determined for 23

shots employing a centrally-positioned, spherical charge of Composition

C-4 high explosive. The first 22 shots used 4.54 kg (10 lbs) charges,

and the 23rd shot used 9.09 kg (20 lba) of explosive.

Figure 8 gives a plot(9) of the accumulated average residual

strain for the first 22 shots versus shot number. The downward curva-

ture indicates a work hardening effect. The average incremental increase

was 0.045 percent per shot, indicating that the vessel would likely

contain 100 or more shots with 4.54 kg (10 lbs) of C-4 explosive. It

is known that large amplitude flexural vibrations occur near the pole,( 4 )

which could lead to fatigue problems with high usage. Further work is

required to fully evaluate large numbers of usages. Service use based

on metropolitian police experience suggests that high numbers of usages

will not be required in the EOD role. In any event, the principal blast

containment objective was easily met at room temperature.

It is truly shocking to compare these results with the first test

at -34.4 C (-30 F) on the second Frostline vessel using 4.54 kg (10 lbs)

of explosive.( 1 ' 2 ' 9 ) In this case, the vessel failed by brittle fracture.
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TABLE 1. ACCUMULATED AND INCREMENTAL AVERAGE RESIDUAL STRAIN
FROM EXPLOSION TESTING OF THE FIRST FROSTLINE VESSEL
AT ROOM TEMPERATURE.

Explosive Charge, Accumulated Strain, Incremental Strain,

Shot No. lbs Percent -. Percent

1 10 0.086 0.086

2 10 0.166 0.080

3 10 0.242 0.076

4 10 0.307 0.065

5 10 0.360 '0.053

6 10 0.392 0.032

7 10 0.471 0.079

8 10 0.499 0.028

9 10 0.548 0.049

10 10 0.572 0.024

11 10 0.620 0.048

12 10 0.631 0.011

13 10 0.684 0.053

14 10 0.716 0.032

15 10 0.752 0.036

16 10 0.808 0.056

17 10 0.832 0.024

18 10 0.854 0.022

19 10 0.899 0.045

20 10 0.909 0.010

21 10 0.944 0.035

22 10 0.994 0.050

23 20 1.674 0.680
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as expected, scattering pieces about the test @ite. Potential users

of blast containment vessels who have no experience with nil-ductility

transition temperatures are urged to read Reference 28.

The large deformation of 0.682 strain caused by the 9.08 kg

(20 lb) shot should be noted. The shot deposited more than 3 times

the amount of energy from a 4.54 ks (10 lb) shot. A large fraction

of the energy is absorbed elastically with the 4.54 kg (10 lb) shots.

Thus the incremental deformation is small. The elastic energy absorp-

tion is unchanged with the 9.08 kg (20 lb) shot, thus requiring a
*(3)relatively larger amount of plastic flow to achieve containment.

MECHANICAL EQUATION OF STATE ANALYSIS

Fu A preliminary analysis has been made of the date in Table 1 and

Figure 8 to determine an effective mechanical equation of state (EKES)

for Frostline steel. The immediate application of the EMES would be

the prediction of the elastic-plastic responses of Frostline vessels

with differing radii R, thicknesses h, and/or explosive charges M.

Model Description

The major assumptions of this analysis were:

s The impulse approximation can be meaningfully applied.

e Strain rate effects can be estimated using an effective
yield and flow stress.

9 Loading can be estimated using the reflected impulse
data of Goodman.(31)

The impulse approximation overestimates the peak vessel response by

15-30%. Thus the yield strength estimated will be too high by a

significant amount. This means that the EMES should only be used in

vessel response predictions using the impulse approximation. The

strain rate assumptioi has been used by Baker(32) and many others to

obtain useful solutions with minumum effort. The method implies
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errors of 10-20 ksi in yield stresses if the loading strain rates of

two vessels differ by an order of magnitude. Also, as noted previously,

it would appear that corrections to the reflected impulse of Goodman• 3 0"

should be made at distances less than 10 charge radii.(20,23)

The stress-strain model assumed here (see Figure 9) includes a

linear elastic segment up to a yield stress ay. The plastic flow stress
is represented by a linear segment with a small positive slope S to

account for work hardening. The material unloads elastically and returns

after damping to the residual strain state Cr. If the work hardening

coefficient S changes as er increases, then a cusp is created by continu-
ing the loading curve at some point with another linear segment. This

type of loading curve is called a linear spline in mathematics, and the

cusp points are called knots.

Mathematical Method

(3)In the impulse approximation(, the shell acquires a jump in
radial velocity in a time short compared with the natural response

time. Momentum is conserved by writing

I t ph V (10)
r 0

where I is the reflected shock wave pressure impulse, p is the shellr
density, h is the shell thickness, and V is the initial radial velocity.
The kinetic energy imparted by the explosive per unit volume of the

shell is
2 2 ,

pV 2 1

U - - -W---r1 (11)
2 2ph

For each explosive shot the area under the stress-strain curve out to the
unloading point must equal U/2, allowing for the biaxial strain. The

impulse I depends on both the charge size and the vessel radius.( 31 )
r
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When the nth shot is fired, the vessel has the accumulated

residual strain cr,n-i and a stress of zero. The mechanical state

of the material proceeds to the yield point (c yn;o yn), then across

the flow curve to the unloading point (cy,n+l; Iy,n+l), and finally
down to the new accumulated strain C r,n' Energy is conserved using

the relation
Un y,n (Cyn C rn-1) + (12)

(a +Sc -])c - )
(2 ayon [Cy,n+l "'y,n])(cy,n+l -Cy,n).

Eq. (1) is a quadratic equation for the new unloading strain 'y,n+l"

It is then possible to calculate

ay,n+l oy,n (Cy,n+l-yon) (13)

and finally

C rn W Cyn+l -Oy,n+lE'* (14)

where E' - E/(l - v) is the effective elastic modulus of the shell.

Computer Analysis

A computer program BILIN was written to perform a brute-force

least squares fit of the predicted values of er from Eq. (14) to the

data given in Table 1 and Figure 8. The unknowns were the initial

dynamic yield stress a and the slopes SI, S2 , etc. of the flow curve.

The cusp points (knots) were only locally fixed by specifying their

occurrence at a selected unloading point.

Table 2 describes the qualitative aspects of six model fit proce-

dures used to investigate the EKES of Frostline steel that can explain

the residual strain data. A global fit means that all unknown parameters

were determined simultaneously. A sequential fit means that an additional

spline segment was added on after a calculation for so many shots was
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completed. The sequential method was abandoned when the fifth pro-

cedure D-S gave a non-physical (negative) value of a slope.

Table 3 gives the quantitative results from the six procedures.

Case A-G is an elas ic-perfectly plastic model that yields a straight

line on Figure 8 due to the fact that all 22 shots used 4.54 kg (10 lb)

of explosive. Case B-G is the usual elastic-plastic model with a

single plastic segment. This model introduced curvature (due to work

hardening) and the fit greatly improved.

Cases C-S and C-G had two plastic segments with a knot after the

ninth shot. The fits are excellent because the first slope accounts

for the initial curvature and the smaller second slope accounts for

the later linear portion of the data.

Cases D-S and D-G had three plastic segments with knots after

the fifth and twelveth shots. Case D-S turned out badly, because the

error distribution in Shots 7-12 caused S2 to be larger than S 1. This

anomaly led to a negative value of S3 , which is not physically accept-

able for 1% total residual strain. Case D-G demonstrates the advantage

of global fitting. The fit is not superior to Case C-G, presumably

because the knot positions were not optimized.

Cases C-G and D-G are considered the results best describing the

EMES for Frostline steel. The finding that the initial dynamic yield

stress a is 111 ksi is consistent with past experience( 4 ' 7 ' 8 ' 3 0 ) usingY
Case B-G in program SPLAS for such steels as A-537 and HY-80. The

static tensile yield strength of this Frostline steel was 60 ksi with an

ultimate tensile strength of 80 ksi. Due to the nature of the impulse

approximation, the correct dynamic initial yield strength for this data

is probably 90 ksi. Thus the material appears to have a 50% increase

in yield strength due to the strain rate.

Referring to the analysis by Duffey,(33) we estimate that mild
-1

state doubles in yield strength for a strain rate of 40.4 sec . For

the impulse approximation used here, the initial strain rate for the
-I

4.54 kg (10 lb) shots was 56.5 sec . The 50% increase in dynamic
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,,,

yield strength over static yield strength is thus quite reasonable

if the analogy with mild steel is accepted.

SUMMARY

A progress report has been given on portable, spherical ex-

plosion containment vessels. Experimental data on the elastic-

plastic response of a Frostline steel vessel has been given. It

has been showr that a two plastic segment mechanical equation of

state for the Frostline material can accurately account for the

observgtions. The initial dynamic yield strength deduced is physi-

cally resonable. Recent efforts by other research groups have been

reviewed. The problem with scaling laws for elastic response and

the possible problem of predicting the correct explosive loading on

vessels have been introduced.
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DESIGN OF A DETONATION CHAMBER

FOR DEMILITARIZING MUNITIONS

by

Mý ýG. Whitney

W•' E. Baker
J. R. Riegel III

L. R. Garza

ABSTRACT

In this paper, we present the ideas and methods used in the concept development
of a detonation chamber for use in an ordnance disposal facility. Unstable,
outdated munitions would be intentionally detonated in the chamber. The cham-
ber had three important design criteria: 1) it should not allow missile or ex-
plosive products to escape to the environment, 2) it should operate on a 23-
minute cycle (from disposal detonation to detonation), and 3) it should contain
detonations involving up to 100 lb of TNT equivalent energy. To satisfy the
environmental demands, simple disposal methods such as detonating the ordnance
in the open are eliminated. An inventory of ordnance types intended for dis-
posal was reviewed to define the "worst case" fragment hazard.

Various concepts were evaluated to resist blast loads, includ/? oth reinforced
concrete and steel construction. Structural types included suppressive shield
"designs, cubicals, I-beam frames with curved membrane panels (steel only),
spherical shells (steel only) cylindrical shells, and water tank designs. Of
the various chamber concepts evaluated, four were selected for final evaluation.
They were, 1) a cylindrical concrete water tank with steel dome above, 2) a cylin-
drical concrete water tank with concrete dome above, 3) a steel cylinder with
ellipsoidal end caps and internal I-beam/angle fragment shield, and 4) a concrete
cylinder with- flat end caps and an internal I-beam/angle fragment shield.

Based on the evaluation of the four concepts, either of the first two (water
tanks) was recommended as the Freferred choice.
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1. INTRODUCTION

In 1979 Southwest Research Institute (SwRI) performed analyses to design

a detonation chamber for use in demilitarizing outdated munitions. This study

by SwRI was but one part of a facility study prepared by Travis-Braun and

Associates, Inc., In joint venture with Splawn-Munir and Associates, Inc. SwRI

was subcontractor co the Architect-Engineer. The purpose of this facility

being planned is to dispose of outmoded ammunition and contaminated waste

products for Red River Army Depot, with the capability of disposing of some

munitions from other military facilities. The disposal facility is intended

for siting at the Red River Army Depot. The Ammunition facility study was

prepared for the Fort Worth District, Corps of Engineers.

The entire facility concept includes the use of a fluidized-bed reactor

complex, a decontamination oven, grinder areas, slurry house, shearing/sawing/

shredding areas, and the detonation chambers. All disposal systems were re-

quired to meet the then existing Environmental Protection Agency criteria. A

more in-depth discussion of the entire facility concept is provided in Refer-

ences 1 and 2.

As mentioned, the scope of the work described in this paper included only

the concept development of the detonation chamber. Items intended for disposal

in the chamber were deemed as unstable or unsafe for mechanical demil by the

other processes. The demil process planned for the chamber was the intentional

detonation of items with complete containment required. It is stressed that

the scope of work under this study by SwRI was concept development only, and

the resulting designs are not final designs.
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II. DESIGN CONSTRAINTS

The detonation chamber concepts were determined with ceveral restric-

tions. These included:

1) A design value of 100 lb of TNT equivalent explosive energy as

i La maximum for anyone firing,

2) Total containment,

3) Explosive products scrubbed or filtered before release,

"4) Reusable for numerous firings over a 10-year period,

5) A 23-minute cycle time between firings,

6) Use with a wide variety of munitions including fragmenting

rounds, and

7) A safety factor of four applied to the yield stress of struc-

tural steel or rebar.
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I11. ANALYSIS

The analysis by SwRI included consideration of both blast and fragment

loads and their effects on the containment structure. Several early, obvious

concepts were investigated and reviewed for practicality. The initial design
philosophy for the chamber was to contain the explosion with a blast-resistant

structure which is designed to last more or less indefivitely under repeated

blast loads and to contain fragments with replaceable liners or shields which

will last for a number of shots, being replaced as needed. Structural analysis

was performed for uniform loading and one-degree-of-freedom response. Asymmet-

ries were left for a more detailed analysis. Efficient ordnance replacement,

equipment needs, rapid cleanup, rapid scrubbing, and sufficient work area all

must be considered in any concept. Fragment protection was determined to pre-

sent a greater design problem than blast protection for the munitions consid-

ered and a water tank concept was included for consideration. Four concepts

were selected for final evaluation and comparison.

Considerations for Blast Containment

The detonation chamber should measure about the same in all major dimen-

sions so that all internal surfaces will feel approximately equal blast loads

when ordnance is detonated near the center. Also, chamber shapes which leave

small surface area for a given internal volume use material more efficiently

in containing internal dynamic and static pressure loads than do chambers which

are much larger in one dimension than in others. These considerations dictate

such shapes as spheres, short-capped cylinders, or cubes as the basic contain-

ment chamber geometry. The following geometries, as illustrated in Figure 1,

were considered.

1) Spheres (steel construction)

2) Cylinder with L/D - 1 and flat end caps (steel and concrete

construction)
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3) Cylinder with LID - 1 and oblate spheroidal end caps

( (steel construction)

4) Cube (steel and concrete construction).

For these four geometries, one can easily correlate the internal volume

and various internal dimension wl6th a single dimension, X, as shown in Fig-

ure i. This dimension should be large enough to conduct normal operations

conveniently; however, it is obvious that blast loads reduce as X increases.

The minimum value of X was fixed as 10 feet for operational requirements and

an upper limit of 50 feet was considered, for beyond this it is unlikely that

the structure would be economical. The range of sizes considered was, there-

fore,-l0 ft < x < 50 ft.

Blast loads in air were determined using standard air blast curves for

both the initial reflected shock and quasi-static loading. Blast pressure

loading consists of several reflected short duration pulses and a relatively
slow buildup to a much longer duration quasi-static pressure as illustrated

in Figure 2. As suggested in Reference 3, the multiple reflected shocks are

4 approximated for the dynamic analysis as a single triangular pulse with the

same duration and 1.75 times the peak pressure as that predicted for the

initial reflected pulse.

The above procedure was utilize'd for blast load prediction for loads in

4 air-filled chambers. As mentioned, it proved difficult to provide fragment

shielding for air-filled chambers, and water tank containment chambers were

also investigated. Underwater blast curves are available in Reference 4. The

minimum radii of the tanks were fixed by fragment stoppage distance but the

magnitude of the underwater shocks increased the radius well beyond this. An

additional step to reduce the magnitude of the underwater shocks was to pro-

vide an air cylinder about the charge to decouple the munition and the water.

The prediction of underwater loads proceeded as follows:

i) Use air blast curves to determine shock loads at water!air

cylinder interface
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2) Determine effective quantity of explosive energy which would

produce the same loads at that distance in water

3) Use underwater shock curves to predict loading on the tank

walls.

In addition to the tank loads, air shock loads and a water plume will develop

above the tank, and these loads must be contained. These loads can be pre-

dicted using methods described in References 5 and 6.

Considerations for Fragment Containment

An important function of the detonation chamber is to arrest all frag-

ments from internal munitions explosions. Because the chamber itself must be

designed for quite a long life, only very low energy fragment impacts can be

tolerated. Preferably, no fragment impacts should be allowed. So, this re-

quirement dictates some type of inner structure or system which is capable

of either completely arresting high speed fragments, or of slowing them and/or

breaking them up so they cannot damage the blast-resistant structure. In the

analysis, "worst case" fragments were identified from the inventory of muni-

tions planned for disposal. As an example, one such fragment could be a piece

of steel shell casing weighing about 3 lb, traveling at 1750 ft/sec. In

assessing systems employing fragment retardation or arrest, one must consider

a number of factors, which can be listed as questions:

1) Are proven design methods available?

2) Can an average recycle time of 23 minutes be attained?

3) Is periodic replacement needed? Is this easy or difficult?

4) What is the effect on gas scrubber system?

5) Does system complicate or ease design/construction for blast

resistance?

There are a number of fragment arresting systems which could be used to

protect the detonation chamber including the following:

1) Solid steel plate
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2) Vented steel panels designed for suppressive shields

3) Spaced panels with sand fill between panels

4) Kevlar curtains or other exotic fragment-stopping material

5) Sand-filled expendable cylinders surrounding munitions
6) Large water tank.

Solid Steel Plate - A fragment shield can be made out of pieces of solid

steel plate which will stop all fragments. These plates can be closer to the

munitions than the blast-resistant structure itself, and would feel much

stronger blast waves. They must be mounted on a very strong frame. Periodic

replacement is mandatory, but can be minimized by using many panels and re-

placing only those which show severe fragment damage. Cleanup should be

* .~relatively simple, and there is no effect on a gas scrubber system. Blast

loads on the blast-resistant chamber will be strongly attenuated, in fact,

the blast-resistant design problem is transferred from the blast chamber to

the frame for supporting the solid steel fragment arrest panels. The chamber

itself could be thick enough to stop the fragments, but the structural integ-

rity would be compromised and effect the blast-resistant capabilities.

VentedSteel Panels - A number of types of vented steel panels, employing

assemblies of standard structural shapes, were designed and tested during the

suppressive structures program. Two types which could easily be used to catch

fragments are panels made up of nested angles and interleaved I-beams. Proven

design methods for fragment arrest are readily available for these panels.

(Reference 3) Because they are vented, they carry some blast loading but also

pass some blast which will impinge on the chamber. So, an intermediate strength

support frame will be needed. Because of blast attentuation by the vented

panels, the loads on the blast chamber are reduced and a lighter design will

suffice. Cleanup and periodic replacement problems should be similar to solid

steel panel design, and there is no effect on the scrubber system.

Spaced Panels with Sand Fill - The main framework would consist of deep

section I-beams. These are spanned by sections of commercial steel roof decking,

with several feet of sand fill between inner and outer decking panels. The
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decking panels are quite thin, so fragment arrest must be accomplished primarily

by the sand fill. The I-beam frame must be of similar strength as for support

of solid steel fragment panels, because the panels do not vent. Inner decking

panels will rrobably require frequent replacement. Cleanup will be more dif-

ficult than for steel fragment panels, because sand will leak out of the panels

when the inner decking is perforated. Dust may complicate scrubber functioning.

Because this design carries the blast loads in the support framework for the

sand-filled panels, the blast chamber design can be drastically lightened, as

is true for any unvented fragment arresting design.

Kevlar Curtains or Other Exotic Fragment-Stopping Material - The rela-

tively new DuPont fiber Kevlar has been found to be an excellent material for

arresting high-speed fragments either as Kevlar cloth curtains or when formed

into fiber-reinforced rigid panels using an epoxy resin matrix. The loose

cloth could be used to catch fragments, suspended from a framework. Rigid

Kevlar-epoxy panels or other exotic material could replace steel fragment

arrestors. Although these concepts will work as well as any other unventud

fragment stopping concept, the high cost would probably prohibit its use.

Sand-Filled Expendable Cylinders - Figure 3 illustrates this concept.

The sand packed around the exploding munition arrests the fragments. The cylin-

drical sonotube container for the sand ruptures. Both sand and pieces of sono-

tube disperse and impinge on the detonation chamber inner surfaces. The air

cavity shown in the figure may or may not be needed to decouple strong shock

waves from the sand and prevent sand displacement before fragment arrest.

The fragment arresting system is expended with each detonation in this concept.

It is also a very "dirty" system, scattering debris all through the detonation

* chamber with every shot. Scrubbing and cleanup would both be difficult. Also,

design concepts are not proven.

Even though this concept has certain advantages such as strong blast wave

attenuation and very low initial cost, the other disadvantages probably out-

weigh these advantages.
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Large Water Tank - A system used in the Netherlands for complete re-

covery of fragments from detonating shells appears very attractive for this

application. The Dutch system is described in Reference 7, and shown in

Figure 4. This system has many advantages. The water slows the fragments

so that they never impinge on the walls of the tank or emerge from the water

surface with enough velocity to cause any structural damage. The water also

drastically reduces air blast above the tank, so a very light chamber covering

the tank will suffice. Rapid turnaruund of munition detonation is possible,

if a number of the expendable air cylinders are made up beforehand.

The air cylinder and bubble curtain shown in Figure 4 are needed to de-

couple direct underwater shock from the tank walls. The air cylinder can

present an operational problem, because it is buoyant In water and must be

drawn beneath the surface and held there by a pulley and cable system, as

indicated in the figure.

Cleanup should be very simple with thi system, because all fragments

will remain in the tank and fall to the bottom. Periodicallv accumulated frag-

ments can be cleaned out. Some filtering or cleanup system may be needed for

the water, because explosion products will be intimately mixed with the water

with each explosion.
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IV. CHOICE AND COMPARISON OF PREFERRED CONCEPTS

Weighing the various factors cited in previous sections of this paper

it was felt that the last concept discussed, the water tank, has many advan-

tages over all other systems. It was the recommended choice. As a backup

in the event that the water tank is not operationally acceptable to the cus-

tomer, the concept of vented steel panels similar to panels in suppressive

shields was recommended as the second choice. The fragment arrestor would

be placed inside cylindrical containment structures. The cylindrical shape

was determined in structural calculations to be more material efficient than

the box shape and more space efficient than the spherical geometry. The final

four concepts include:

1) a reinforced concrete (R/C) tank with steel dome above,

2) a R/C tank with a concrete dome above,

3) a steel cylinder with oblate spheroidal end caps and in-

ternal fragment shield, and

4) a R/C cylinder with flat end caps and an internal fragment

shield.

Figures 5 - 9 illustrate these concepts. As noted earlier, the air blast

analysis was performed for direct loading to the structure from shock pulses

driven through air above. Also, as suggested earlier, the use of a suppres-

sive-type shield would significantly reduce the shock loads transmitted to

the blast-resistant shell. The designs shown here have not been refined to

include these reduced loads. If further consideration of these concepts is

desired, then analysis should include this refinement. But, the basic con-

clusions made from thIs r:udy are not expected to change.

A comparison of the four concepts was made and is summarized in Table I.

A cost comparison for "empty shell" structures (i.e., only the basic super-

structure of walls, roof, and foundation) indicated that either of the two

water tank designs was much less expensive than the air chambers. The same

conclusion was made for expendable material costs. Operational considerations

were also compared, and again the water tank concepts were rated superior.
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V. RECOMMNDATIONS

We strongly recommended that the water tank concepts be evaluated .. -

further in detailed studies. Also, no mention has been made of the effect

of a "bubble curtain" (see Figure 4) on the demil detonation chamber design,

for the tank was designed without it. Further evaluation of this system

should be incorporated in future studies. Additional consideration of the

air-cylinder design and radii is necessary. Cycle times for the detonation

chamber concepts need to be determined and modifications made accordingly.
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DESIGN OF THE ADVANCED HIGH KINETIC ENERGY LAUNCH SYSTEM&-

W. V. Hill
Black & Veatch

Kansas City, Missouri

ABSTRACT

This report describes the design of a facility to provide for de-

structive testing of U.S. and foreign munitions, up to and including

S4 155 mm. The facility consists of a Range Tunnel designed to resist the

O muzzle blast of an artillery weapon and a large steel dome structure

O designed to contain the blast effects of 64 pounds of TNT.4
0 INTRODUCTION

The Advanced High Kinetic Energy Launch System is to provide the

Ballistic Research Laboratory (BRL) a facility for the destructiveI testing of U.S. and foreign munitions, up to and including 155 mm.

Munitions to be tested include kinetic energy projectiles (KE), advanced

chemical energy (CE), self-forging fragment (SFF), and reactive armors

(RA).

The facility consists of a Range Tunnel, 25 feet wide, 21 feet

3 inches high, and 280 feet long (See Figure 1). There is a suppressive

door at the entrance to the tunnel to trap missiles and fragments should

an accidental explosion occur in the tunnel. The Target Room is a steel

dome-shaped structure 60 feet in diameter, designed to contain the blast

effects of 64 pound8 of TNT. The equipment door is 14 feet wide by

18 feet high. The Instrumentation Building is 16 feet by 33 feet and is

constructed of concrete block. The well provides 30 gallons per minute

of water for washdown of the Range Tunnel and Target Room. The Holding

Tank contains the contaminated washwater and the exhaust filter system

removes radioactive dust from the Target Room. Site work includes access

roads, parking area, electrical power service, area lighting, underground

telephone cable, and..a cable trench from the Instrumentation Building to

an existing Control and Firing Building. At the present time, the
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facility is under construction at Aberdeen Proving Ground, Maryland and

is scheduled to be completed early in 1983.

RANGE TUNNEL

The Range Tunnel is designed to resist the dynamic loads from the

muzzle blast of an artillery weapon. The muzzle blast loads, at various

angles of incident, were provided by Dr. Charles Kingery of BRL. From

the blast data received, we developed the idealized pressure-time curves

for an angle of incident of 0, 30, and 45 degrees. The idealized

pressure-time curves were developed by the use of methods given in

Reference No. 1. The maximum load occurs at an angle of incident of 45

degrees where the peak reflected pressure is 57 psi, duration of the

positive phase is 4.5 milliseconds, and the positive reflective impulse

is 128 psi-milliseconds (see Figures 2 and 3).

The original criteria and concepts called for the Range Tunnel to

be constructed of existing armor plate. When the actual design of the

Advanced High Kinetic Energy Launch System started, the armor plate had

been used in another project. Both steel plate and reinforced concrete

were investigated for use in the construction of the Range Tunnel. The

reinforced concrete had the lower cost. An economic study on various

thicknesses of concrete and the amount of reinforcing required was also

made.

For the design of the Range Tunnel, we used a dynamic load factor

calculated using Reference 2. The design of the roof slab was then

checked by using the Acceleration-Pulse Extrapolition Method of Numerical

Integration given in Reference 3.

As you can see from Figure 4, for the roof slab design the values

for both the dynamic load factor method and numerical integration are

identical, except for the time of maximum deflection. The 6.30 milli-

seconds was the increment of time nearest to the 6.21 milliseconds. The

clear ?pan of the walls are 16 feet and the roof slab spans 20 feet.

The elastic unit resistance is 73.0 psi for the walls and 46.7 psi for

the roof slau. The natural period of vibration for the walls is 11.9

milliseconda and 18.6 milliseconds for the roof slab. The dynamic load
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factor for the walls is 1.03 and for the roof slab 0.71 milliseconds.

The equivalent elastic deflection is 0.0503 inches and 0.0785 inches.

The maximum deflection is 0.040 inches and 0.068 inches. The maximum

deflection occurs at 4.32 milliseconds for the walls and 6.21 milli-

seconds for the roof slab. Dividing the elastic deflection into the

maximum deflection gives a ductility ratio of 0.80 for the walls and 0.87

for the roof slab.

Using a thickness of 2 feet 6 inches, with No. 9's at 12 inches for

the positive reinforcing steel and No. 11's at 12 inches for the negative

reinforcing bars proved to be the most economical section (see Figure 5).

Temperature reinforcing is No. 8 at 14 inches each face. The direct

tension bars are No. 10's at 12 inches and No. 4 stirrups were used at

12 or 14 inches, as required. The reinforcement used was ASTM A615,

Grade 60 except for the stirrups for which Grade 40 was used. Two

7/8-inch bolts were installed on the centerline of the roof for a future

5-ton monorail to be installed when funds become available.

TARGET ROOM

Figure 6 shows the floor plan of the Target Room. The structure is

designed for repeated blast loads of 64 pounds of TNT equivalency. Some

of the ammunition to be tested will contain heavy metal and it was

necessary to design the Target Room to contain the explosion, except for

leakage through the shot hole into the Range Tunnel and through the vents

into the filter system. On each side of the doors you can see the

structural tee stiffeners. The opening through the mat foundation in the

center is for placement of the targets.

The upper part of the Target Room is designed as a dome with a

radius of 29 feet 6 inches (see Figure 7). The dome is supported by a

ring beam constructed of one-inch plates. The lower portion of the

Target Room, below the ring beam, is a section of a cone. The diameter

of the top of the cone, where it is attached to the ring beam, is 46 feet

9 inches and the diameter of the base of the cone is 59 feet. The height

of the section of the cone, below the ring beam, is 18 feet one inch and

the rise of the dome is 11 feet 6 inches.
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The Target Room was designed by the trial-and-error method. We

first assumed the structural members then we reviewed the structure to

determine the stress in the members. The blast loadings on the interior

of the Target Room from 64 pounds of TNT were also received from BRL.

From these, we developed the idealized pressure-time curve (see

Figure 8). The peak gas pressure is 15 psi. Even though there is some

decaying of the gas pressure, we assumed a zero rate of decay and con-

sidered the 15 psi gas pressure to be constant. The peak positive

reflected pressure was calculated to be 75 psi, giving a total peak

positive pressure of 90 psi. The positive reflected impulse is 60 psi-

milliseconds and the duration of the positive phase is 1.6 milliseconds.

To obtain the natural period of vibration of the various members of

the Target Room, we used a computer program called the "Finite Element

Method for the Dynamic Analysis of Structures Subject to any Dynamic

Loading" (Reference No. 4).

The dynamic load factor was then calculated. For the gas pressure,

a dynamic load factor of I was used and the gas pressure was considered

constant. An equivalent static load was then calculated and STRUDL was

used to find the stresses in the various members (Reference 5).

For our first trial, we used vertical stiffeners between the ring

beam and foundation on 4-foot 2-inch centers completely around the

structure. The analysis showed that the side wall plates were carrying

the loads in ring tension and the stiffeners near the door were the only

ones being stressed. The next step was to keep eliminating stiffeners.

The final design has three stiffeners on each side of the equipment door

and one on each side of the personnel door (see Figure 6). Additional

steel plates were welded around the other openings. Everything was

designed with a ductility factor less than 1 so all elements would remain

in the elastic range.

Both the side walls and dome were constructed of one-inch plate.

For the dome and ring beam, we used ASTM A516 steeI, Grade 70, which has

a minimum yield stress uf 38,000 psi, and using a dynamic increase

factor of 1.1 resulted in a dynamic yield stress of 41,00 psi. ASTM
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A516 steel was used for the dome because it is easy to shape and is

. •readily weldable. ASTM A572, Grade 60 is classified as a high strength,

low alloy structural steel and was used for its availability, high

strength, and weldability for the rest of the structure. The minimum

yield stress is 60,000 psi and it has a dynamic yield stress of 66,000

psi.

The maximum circumferential stress in the dome is 7,560 psi and the

maximum meridional stress is 9,050 psi (see Figure 9). The maximum

stress in the ring beam, which occurs at the equipment door jambs, is

16,800 psi. Using ASTh A516 steel the dynamic yield stress was 41,800

psi. For the side walls the maximum circumferential stress is 14,780 pqi

and the maximum meridional stress is 7,410 psi. The maximum stress was

in the door jambs which were subject to tension and bending in two

directions. The stress was 45,700 psi. The stress in the door

stiffeners along each side of the equipment door was 49,380 psi and the

maximum stress in the equipment door itself was 51,300 psi. For the side

walls, door jamb, door stiffeners, and door, the dynamic yield stress of

the steel used is 66,000 psi.

Some of the armor piercing ammunition to be tested contains heavy

metal which has a liw grade of radioactivity. Upon striking the target,

the projectile explodes and the dust formed cannot be discharged into

the atmosphere. The air evacuation and filtration system consists of a

fan which pulls 24,000 cubic feet per minute of air through the suppres-

sive door (see Figure 10).

The door is constructed of interlocking wide flange beams. This

allows air to pass through the door but will trap missiles and fragments

should an accidental explosion occur in the tunnel. Air is pulled front

the tunnel into the Target Room through the 36 inch diameter shot hole.

The contaminated air leaves the Target Room through two 36 inch diameter

ducts to the attenuators. The attenuators are used to protect the filters

from excessive blast pressures. The attenuators were existing and fur-

nished by BRL. They are 10 feet in diameter and 50 feet long, made up

of one-inch plate. No attempt was made to determine how effective the
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attenuators will be in reducing the blast pressure to the filters. Three

sets of filters sre used in series: prefilters, secondary filters, and
high efficiency particulate air filters which have an efficiency of not

less than 99.99 percent when tested with 0.3 micron smoke.
The personnel door and the equipment door are sealed by using com-

pressed air seals. Provisions have been made to wash down the dust that

gets into the Range Tunnel through the shot hole. Hiscellaneous items

in the Range Tunnel and Target Room include view ports for cameras and

lighting, tie downs for the weapon, unistruts for attaching equipment to

the walls, PA system, telephone, power receptacles, and lighting.
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NN, DESIGN AND EVALUATION

,"• OF

DAMAGED WEAPON FACILITY

By

Norval Dobbs
Samuel Weissman

AMMANN & WHITNEY, CONSULTING ENGINEERS

and

MS & Larry Skeetn

MASON & HANGER, SILAS MASON COMPANY

ABSTRACT

* As part of the overall modernization of the Pantex Plant, Amarillo, Texas,
the Department of Energy/Mason & Hanger, Silas Mason Co. has engaged the
Joint Venture Firm of Gibbs & Hill/Ammann & Whitney to design the new
"Production and Assembly Facilities". As part of this design, Ammann &
Whitney was required to develop and design a "near full containment"
structure titled "Damaged Weapon Facility". This facility will be used for
the inspection and disassembly of components which have been damaged by
accidental means.
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DESIGN AND EVALUATION OF DAMAGED WEAPON FACILITY

Introduction

The criteria for the Damaged Weapon Facility (hereafter referred to as

DWF) specified a Gravel Gertie type cell structure (Fig. 1) where venting

of an interior explosion would occur through gravel fill which, in turn,
would remove the radioactive material. However, due to operational

requirements, it was determined that an oversize Gravel Gertie of at least

43 feet in diameter would be required as compared to the 34-foot standard
Gravel Gertie cell which had previously been tested. Therefore, it would

have been necessary to perform full-scale tests to verify the design for a

large structure to meet the requirement for radioactive material capture.

i Thus, various other configurations were considered which ultimately

resulted in the selection of a near full containment structural design as

described below. Because of the presence of radioactive material, in

combination with high explosives, containment type design is required to

limit dispersion of the radioative material in the event of an accidental

HE detonation. In addition to describing methods of construction to attain

this containment, a comparison of design blast loads with blast loads

obtained from a set of 1/8-scale tests performed in conjunction with this

project is presented.

Description of Structure

The DWF consists of a main high bay area and adjoining staging area;

all within the containment area (Figs. 2, 3 and 4). The structure is a

near full containment design consisting of laced reinforced concrete walls,

roof and floor slab.

The adjoining area consists of two equipment rooms, six staging rooms,

and staging corridor. The equipment room contains air-handling equipment,

whereas the staging area contains various inert components. The staging

corridor provides a means of access from the structure's entrance to the

high bay.
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The individual concrete elements have been designed to limit their

support rotations to 2 degrees and thereby prevent through-cracking of the

elements. The thickness of the laced concrete roof ef the high bay is
6'-0" and of the walls, 0'-6"; the exterior and interior walls of the

staging area are 1'-6" and 2'-0", respectively; whereas the staging area
corridor roof is 3'-0" thick. All elements of the entrances are 1'-0"

thick concrete.

An equipment air lock with two steel-plate, single-leaf interlocking

blast doors Is provided. These doors have been provided with compressed

seals to prevent leakage of radioactive particles in the event of a

detonation within the cell. To obtain an effective door seal, it was

necessary that the door bear against the structure along all of its sides.

To provide a bearing surface along the bottom edge of the equipment blast

door, three alternative concepts were considered:

1. A fixed step with a removable ramp.

2. A retractable step and

3. A recess in the floor slab.

The first concept was not considered acceptable for the movemeqt of items

into the structure. The second concept was determined to be unreliable

with regard to obtaining an effective continuous seal. The third concept,

which was selected, is described below.

The equipment door closure is completely mechanized with electric

motors which operate the pins that secure the door, operate the screw Jack

which raises the door out of the recess in the floor slab and operates the

door to swing open and closed. A hydraulic unit is used to provide the

necessary compression against the door seals.

Each personnel air lock blast door is a single leaf steel plate with

radiation blast seals. Each door swings outward to provide emergency
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egress in the event of an accident. In order to provide bearing for the

seal along the bottom of each door, a 4-inch fixed step was provided at

each door. This requires that personnel step down when leaving the

structure. To provide this exterior swing of the personnel doors, each
door had to be designed to "hang" from the locking pins and, therefore, the

pins were designed to sustain the full impact of the interior blast. The
personnel doors are provided with hydraulic systems which operate the pins,

provide door seal compression and swtng the doors., The operating mechanism

of each personnel door is designed to open and close for two-speed

conditions: normal speed of 30 seconds and emergency speed of 15 seconds.

Redundant power is supplied to each door from three sources: normal

commercial power, emergency generators and emergency batteries.

The high bay area is equipped with a 9-MEV Linac (X-ray machine) with

crane and hoist, and with a trolley and hoist to provide movement of

materials. Sufficient earth cover had to be placed over the structure to

attenuate to a safe level any radiation leakage from the Linac.

Air intake and exhaust equipment rooms are located at each end of the

staging corridor. The dehumidified air, which is supplied from the service

area outside the DWF, is supplied to air-handling units within the intake

equipment room. This air enters the DWF through a blast valve supply

chamber (Fig. 5) which is located on top of the equipment room. The

air-handling unit mixes the fresh dehumidified air with return air inside

the structure. Air exhaust is accomplished through equipment hoods which

are ducted to the exhaust equipment room. At this point, the exhaust air

passes through a two-stage HFPA filter before being discharged to the

atmosphere through a second blast valve housing above the exhaust equipment

room.

Both blast valves are dual-actuated (remote pressure or blast). An

initial pressure rise within the high bay, where all hazardous operations

are performed, will be detected by pressure transducers which transmit an

electrical signal to the blast valve operator to close the blast valves.
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The valves will close in approximately 100 milliseconds after receiving the

signal. In the event that the blast wave reached the valves prior to their

closure, the blast pressures will assist in closing the valves. The valves

are designed to resist this impact.

Located above the roof of the vestibules is a post-accident, single-

stage HFPA filtration system to filter any contaminants which may escape

past the blast doors. A fan connected to the emergency power source and

located on the roof will exhaust the contaminants through the filters.

This latter system is actually a redundant system to back up the blast door

seals.

In the event of a detonation, the interior of the DWF will be

pressurized. Relief of this pressure is accomplished through a pressure

relief pipe which is connected to each blast valve chamber. The pipe is

connected to a two-stage HFPA filtration system also located on the roof of

the vestibule. Manual valves are provided to control the release of the

internal pressure.

Desiq of Structure

The DWF was designed for an internal explosion of 423 pounds of

spherical PBX 9404. The charge is located as shown in Figure 6 (1/8-scale

model of DWF) and with the center of charge positioned 3 feet above the

floor. The design criteria stated that a TNT equivalency equal to 1.3 be

used for PBX 9404. With this equivalent weight of explosive and the use of

a safety factor of 20 percent as defined in Reference 1, the total design

charge weight was equal to 660 pounds of TNT.

Methods for determining the blast loads in the high bay were available

(Ref. 1). However, there was no accurate means of predicting the blast

loads at different locations outside the high bay; therefore, a design

method was developed which involved the following steps:

1. The distance from the source of the explosion to the opening in

the high bay was added to half the distance from the opening to

the point in question outside the high bay. The one-half distance

was used to account for the two-dimensional expansion of the blast
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wave rather than the three-dimentional expansion for which the

curves in Reference 1 were developed.

2. The total distance obtained by Step 1 was divided by the cube root

of the equivalent charge weight.

3. The parameter calculated in Step 2 was used with Figure 4-12 of TM

5-1300 to determine the incident pressure, arrival time of the

incident wave, and the duration of the incident pressure.

4. The angle of incidence of the wave at the point in question was

determined geometrically and then used to determine the reflected

coefficient from Figure 4-6 of Reference 1.

5. The product of the reflection factor and the incident pressure was

used to obtain the reflected pressures, impulse and duration.

6. These reflected pressures were then averaged over a given area of

the element (roof, wall, etc.) in question to obtain the average

shock loads.

7. The gas pressures used were obtained from Figure 4-65 (Ref. 1)

using a volume corresponding to a portion of the structure volume

over which the shock loads were averaged.

A typical average pressure-time history of the calculated blast loads

outside the high bay is shown in Figure 7. The initial peak pressure

represents the shock load, whereas the flat portion of the loading

illustrates the pressures produced by the build-up of the gaseous products

and temperature rise produced by the confinement of the explosion.

Since the design blast loads outside the high bay were not well

defined, a series of explosive tests were performed in a 1/8-scale model of

the DWF (Ref. 2). These tests, which are described in more detail in

another paper presented at this seminar (Ref. 3), covered a wide range of

topics including:

1. Determination of blast loads
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2. TNT equivalency

3. Effects of charge shape, and

L
4. Effects of charge casing.

The results of these tests indicate that the design loads, as used, were

conservative and that the resistance of the building and, therefore, the

amount of steel and/or concrete thickness outside the high bay could be

reduced by 10 to 20 percent.

Figure 8 illustrates the comparison of the design blast loads to the

test results.

Column 2 lists the blast loads used for the design of various areas of

the structure outside the high bay, whereas Columns 3 through 6 list the

corresponding test results. Column 1 lists the points within the structure

at which the measurements were made. It may be noted that the charge

weights listed in Columns 2 through 6 are 1/8-scale charge weights; e.g.,

1.289 pounds is 1/8-scale weight of 660 pounds.

It may be noted, from Figure 8, that the design shock pre3sures in

Area A (Fig. 6) are significantly higher than the shock pressures recorded

in the tests. This is probably due to the choking effects produced as the

blast wave passes through the relatively small opening between the high bay

and the staging area. However, except for the roof slab, the impulse

produced by these shock loads in the tests are closer in magnitude to those

used in the design. The magnitudes of the shock pressures in Area B (Fig.

6) are also similar to those used in the design. The latter is attributed

to the fact that the blast wave had more area to expand in Area B and that

the magnitude of the shock loads were in the order of magnitude of those of

the gas pressures.

The magnitude of the gas pressures recorded in the tests using 1.289

pounds of TNT are in the order of magnitude of the gas pressures used for

the design of Area B. In the latter case, the entire volume of t.e

structure was used to calculate the gas pressure for the design (81 psi).

Therefore, it would appear that the volume of the entire structure should
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be used to calculate the gas pressure at all points within the structure

r•,,r than the volume of individual sectors of the structure. Another

SL '1''ant aspect of the gas pressure is its relatively long rise time.

S -I cases, except for the blast door and blast valve housing gas loads,

the rise time was in the order of 15 milliseconds which is equal to 120

milliseconds in the full-scale structure. This very long rine time tends

to produce a condition where the structure will not respond to the dynamic

effects of the blast loads and thereby produce a structural response which

is similar to that produced by a statically applied load.

The longer duration of the rise time of the gas pressures in the blast

valve housing is attributed to the choking effects produced by the

relatively small diameter (9- to 10-inch diameter) holes through which the

air passes from the equipment room to the blast valve housing. The shorter

rise time of the gas pressure acting on the blast door cannot be explained

at this time.

An examination of the test results using 1.289 pounds of TNT indicates

a higher gas pressure than that produced by an equal weight of PBX 9404.

This would seem to indicate that the TNT equivalency of PBX 9404 is less

than the 1.3 value used in the structure design. The results of other

tests using pentolite also indicated a lower T14T equivalency for the gas

pressures.

On the other hand, the cased PBX 9404 having a weight equal to

0.992-pound produced gas pressures in the same order of magnitude as 1.289

pounds of TNT, thereby indicating a TNT equivalency of 1.3 for the cased

explosive. The values for 0.992 pound of uncased PBX 9404 are presented to

show the effects on the gas pressure produced by the casing.

Conclusions

The following conclusions are offered:

1. The blast loads used for the design of the portion of the DWF

outside the high bay area are conservative and therefore the

concrete thickness and/or reinforcement can be reduced 10 to 20

percent.
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2. The use of a TNT equivalency of 1.3 for uncased PBX 9404 is

conservative. However, it is probably not conservative when

).. casing effects are included.

3. Blast pressures produced by the blast waves passing through small

openings will significantly affect the magnitude of the shock
pressure as well as modify the pressure-time variation of both the

shook and gas pressures.
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----- bDoD 5154.4S, "DoD Amunition and Explosives Safety Standards,"

Chapter 13, Personnel Protection

R. A. Scott, PhD, FAIC

DDESB, Alexandria, VA 22331

The Department of Defense Explosives Safety Board by DoD Directive

S5154.4 is charged with protecting personnel from the hazards associated

q•4 with DoD ammunition and explosives. Chapter 13 of the subject standards

SC establishes blast, fragments, and thermal hazards protection principles

SQ and applies to all operations/facilities where personnel are exposed to

Smaiunition/explosives hazards during industrial, processing, manufact-

Sg uring, and more routine operations.

Chapter 13 directs that an asslament of risk shall be performed

on all new or modified industrial operations/facilities involving

ammunition/explosives. Based upon this assessment, engineering design

criteria for the facility-operation will be developed for use in the

selection of appropriate equipment, shielding, engineering controls and

protective clothing for workers. The assessment should include such

factors as (1) initiation sensitivity; (2) quantity of materials; (3)

heat output; (4) rate of burning; (5) potential ignition sources; (6)

protection capabilities of shields, various types of clothing, and

fire systems; and (7) personnel exposure with special consideration given

to the respiratory and circulatory damage to be expected by inhalation of

hot vapors and the toxicological effects due to inhalation of combustion

products.
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The exposures which are permissible are identified for each of )
the three hazards. For example, workers must be provided protection

from potential blast overpressurea, hazardous fragments, and thermal

effects, with applicable respiratory and circulatory hazards, when assess-

ments performed in compliance with the hazard assessment indicate the

probability of accidental explosion producing overpressures, hazardous

fragments, and accidental flash fires producing thermal hazards are

above an acceptable risk level as determined on a case-by-case basis

by the DoD Component. Thus protection afforded at the nearest work

station must be capable of limiting incident blast overpressure to

2.3 psi) fragments to energies of less than 58 ft-lb, and thermal fluxes

to 0.3 calories per square centimeter per second. Shields complying

with MIL-STD-398 are acceptable protection.

Several protective measures may be used to assure that the

permissible exposures of personnel are not exceeded in one or more

of the following ways%

a. Elimination or positive control of Ignition/initiation stimuli.

b. Sufficient distance or barricades to protect from blast and/or

fragments.

c. In those areas of facilities where exposed thermally energetic

materials are handled which have a high probability of ignition and a

large thermal output as indicated by hazard assessments performed, a

fire detection and extinguishing system which is sufficiently quick-

acting and of adequate capacity to extinguish potential flash fires

in their incipient stage will protect both workers and property. Design

and installation of the system must maximize speed of detection and

application of the extinguishing agent.
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d. In amunition operational areas where it is essential for workers

to be present, and the hazard assessment indicates an in-process thermal

hazard exists, use of thermal shielding between the thermal source and

the worker is an acceptable means of protection. If shields are used,

they should comply with MIL-STD-398. If shielding is not possible, or

if that provided is inadequate for protection of exposed personnel

including their respiratory and circulatory systems, augmentation with

improved facility engineering design, personnel protective clothing and

-* •equipment may be necessary.

e. Thermal protective clothing must be capable of limiting bodily

injury to first degree burns (0.3 calories per square centimeter per

second with personnel taking turning evasive action) when the maximum

quantity of combustible material used in the operation is ignited.

- f. Protective clothing selected must be capable of providing

respiratory protection from the inhalation of hot vapors and toxicological

effects when the hazard assessment indicates adverse effects would be

encountered from the inhalation of combustion products.
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ABSTRACT

The initial phase of work has been completed toward development of a standard

test procedure to characterize the fire hazards of Class 1.3 and 1.4 munitions

items, that is items that are primarily a fire hazard. Preliminary experiments

considered fire damage or spread of fire to occur by radiant heat transfer from

the flame or fireball, by direct flame impingement, or by firebrands (hot or

burning objects). A "fast" burning propellant (a ball powder), a "slow" burning
propellant (Ml), an incendiary (ALAl7 candles), and 2.75 inch rocket motors were

used to identify the dominant phenomena and scaling relations, and to select the

most promising instrumentation. Subsequent work will emphasize larger sample

sizes to validate scaling relations and identify criteria for minimum realistic

test size.
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S( 1. BACKGROUND

Munitions items and materials in Hazards Classes 1.3 and 1.4 present

mainly a fire hazard in storage and transport. Currently safety distance

standards for these materials are based on WI/ 3 (weight to the 1/3 power)

scaling. W1/ 3 scaling is appropriate for airblast pheomena, such as for

Class 1.1 materials, and perhaps for a narrow set of fire hazards (i.e.those

due to the explosive fireball). However, the overall fire hazard is complex,

including "fireball" bursts as well as sustained flames, in both cases possibly

propelling firebrands and debris to large distances. Munitions fires can

occur in the open or inside storage structures. For most of these fire hazards,

other scaling relatioýis are more appropriate, and safe separation standards

should be based on these more realistic scaling relations.

2. OVERALL DDESB PROGRAM FOR FIRE HAZARDS FROM COMBUSTIBLE AMMUNITION

In 1979, The DOD Explosives Safety Board initiated a five phase program

to investigate fire hazards associated with combustible ammunition (materials

in hazard divisions 1.3 and 1.4) and ultimately develop standard tests and ra-

tional safety distance standards to realistically characterize those hazards.

The first phase of the program, Methodology Development, has been completed (Ref. 1).

The objectives of that program were to develop an understanding of the phenomena

that constitute the overall fire hazard, determine the appropriate scaling rela-

tions for these phenomena, and to evaluate experimental methods and instrumenta-

tion techniques required to characterize the hazards. During Phase 1, the most

promising scaling and measuring techniques were identified and evaluated experi-

mentally.

Emphasis in Phase 2 (to begin shortly) will be on size and configuration

effects. During Phase 1 stacks of 8 or 12 boxes of munitions items were burned

out in the open (essentially unconfined). During phase 2, larger stacks (perhaps

up to 30 boxes -- "intermediate scale") will be burned in the open, as well as

inside enclosures of several sizes. A plan for "large scale" testing is to be

developed during Phase 2. Such "large scale" testing must be completed before

the Safe Separation Standards and Classification Test methods can be finalized.
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Phase 3 is to consider the vulnerability of exposed targets to the differ-

ent fire effects. Primarily, consideration will be given to radiant flux, total

heat radiated, and firebrands of different types. Prolonged direct flame im-

pingement may not exceed critical levels. Targets of concern may include exposed

energetic materials (propellants, explosives, pyrotechnics, etc.),, munitions

items, materials of construction, nearby structures, persons, natural ground

cover (eg, dry grass), vehicles, fuel tanks, etc. The vulnerability of targets

of concern will define the criteria needed for developing safe separation stan-

dards.

Phase 4 is the development of safety distance standards. From Phases I

and 2 the dominant phenomena, controlling parameters, and scaling relations

will have been determined and verified. From Phase 3, the target vulnera-

bility criteria will have been established. Under Phase 4, these basic building

blocks will be combined to structure the safe separation distance standards.

The only missing element required to realistically characterize the fire

hazards of combustible ammunition is a standard test for the Class 1.3 and 1.4
materials. The standard test must provide the parameter values that are needed

to go into the safe separation distance tables or relations to establish the

separation distance required. The tests must be realistic and practical to per-

form. This implies in part that the minimum quantity that realistically charac-

terizes the hazard must be identified.

3. PHASE 1 RESULTS

The initial step of Phase 1 was to identify (from the literature) or develop

scaling models for evaluating experimental results for free standing flames and

fireballs, enclosure fires (i.e. storage facilities), and firebrand lofting. Flame

characteristics of interest included the heat flux emitted from the flame and the

flame geometry.

lIT RESEARCH INSTITUTE
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In addition to investigating the theoretical basis for scaling, the perti-

nent instrumentation techniques were surveyed and summarized. Instrumentation of

interest included devices for measurinj radiated heat flux, flame temperature, gas
velocity, firebrand trajectories, and firebrand ignition potential,, In each case,

the most promising techniques were selected for experimental evaluation. In the

case of ignition by firebrands, two experimental studies were completed. The first

study was to determine the abilities of various types of firebrands to ignite host

(target) materials characteristic of "real world" combustibles that could be ex-

posed to such firebrands. A black powder layer was chosen as representative of a

bare propellant in a storage or process facility.. Wood and asphalt shingles were

taken to represent roofing. Cardboard was tested because many materials are

stored in cardboard containers. Canvas and plastic tarpaulins were evaluated. A

typical vinyl covered seat cushion was tested, and dry timothy hay was taken as

representative of a field of dry grass. The firebrands included the following:

* Smoldering cardboard

e NFPA "C" brand to represent smoldering wood

* An M30 pellet ignited while in contact with the host

* Solid copper cylinder heated to specified temperatures

a Hollow steel tube heated to specified temperatures

The results of this ignition study are summarized in Table 1. This study indicated

the ignition potential for the range of firebrand types. To determine the ignition
potential and lateral trajectory range of firebrands produced during field tests,

several candidate catcher materials were evaluated. These are shown in Table 2. The

most promising system was found to be a slab of polyurethane foam painted with an in-

tumescent paint. For weak firebrands, the burn pattern on the painted surface was

indicative of the brand type and intensity. For strong firebrands, the painted

surface was penetrated. A hole was volatilized in the foam and the hole size was

indicative of the brand's intensity.

For the remainder of the test program, four sample materials,:were selected.

These were MI propellant, Western Cartridge 844 (a ball powder), 2.75 inch rocket

motors, and ALA 17 candles (an incendiary). These materials were tested both in

their shipping containers and removed from the containers.
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TABLE 1

EQUIVALENCY OF FIREBRAND IGNITION POTENTIAL

Firebrand

Host Solid 1/2 inch
Material Cardboard C-Brand M30 Pellets Copper Pipe

Black Ignites Ignites Ignites 471*C 579*C

Powder (P-0.5) (P-0.5)

Wood P-0.8 P>0.5 No 760 0 C- 9540 C
Shingle Ignition 954 0 C (smolder

(flame P-0.5)
P-0.5)

Cardboard lgnites P>0.8 P-0.8 Between Between
538"C 538 0 C

and 649 0 C and 649 0C
(P-0.5) (P-0.5)

Asphalt --- No No Between
Shingle Ignition Ignition 760 0C

and 982 0C
(P-0.5)

Canvas Ignites P>0.7 P-0.4 649 0 C 649"C
Tarpaulin (smolder) (P-0.83) (P-0.5

smolder)
7600 C

(P-1 flame)

Plastic No P-0.8 No at 871*C
Tarpaulin Ignition (smolder) Ignition No

P-0.6 Ignition
(flame)

Dry Hay Ignites Ignites Ignites 538 0 C 954%C
(P-O.6 (P-1 smolder)

smolder) and (P-0.8
649 0 C flame)

(P-0.2
flame)

Seat No Ignites No 6490C at 982°C
Cushion ignition Ignition and 760*C No

(P*0.4 Ignition
smolder)
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TABLE 2

SUMMARY OF EXPERIMENTAL EVALUATION OF
CANDIDATE CATCHER MATERIALS (TESTS COMPLETED)

Brand Type

Wind

1/2 Inch Solid Velocity

Catcher Pipe Copper Cardboard M-30 C-3rand (mph)

Pplyethylene,
painted X X X X X 5-6

Polyethylene,
unpainted X X X X X 5-6

Polyurethane,
painted X X X X X 5-6

Polyurethane,
unpainted X X X X X 5-6

Kraft Paper,
painted X X X X X 5-6

Kraft Paper,
unpainted X X X X X 5-6

Smooth Asphalt
Roofing X X X X X 5-6

Polyethylene,
painted X X 0

Polyethylene,
unpainted X X 0

Kraft Paper,
painted x X 0

Kraft Paper,
unpainted X X 0

Milk Carton
"filled with water X X X 0
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Seven series of tests were conducted. The first test series was to screen
the different instrumentation options so that the most promising could be selected
for later tests. The second series was to determine how to safely test the 2.75 . .
inch rocket motors. It was determined that the rocket motors would not self-propel
themselves very far; and outdoor testing was found to be suitable. The third

test series involved single packages (boxes) of each of the sample munitions items.
The packages were exposed to a liquid hydrocarbon pool fire on one side. Typically,
it would require a significant portion of an hour before the fire penetrated the
packaging, and a fireball would result. Test series 4 involved stacks of several
boxes to simulate realistic storage or transport configurations. With the Ml,

the Western Cartridge 844, and the rocket motors, the individual boxes usually
reacted independently with long periods of time between events. The individual

events were quite similar to the single box tests. With the incendiary, the
stack of boxes burned significantly different from the single box. The single
box produced individual flares "dancing around" on the ground or shooting like
rockets into tVie air. The multiple boxes of flares produced individual flare
burns as well as periods of a sustained churning white ball of fire spewing
hot brands appearing like snow.

Test series 5 consisted of burning piles of bare propellant in the open,

and test series 6 consisted of burning these materials inside of a small
enclosure, simulating a storage structure. Both were 'idealized tests to evalu-
ate scaling relations. Finally, test series 7 involved burning propellant in-

side of its storage container with the top removed, These seven types* of tests
provided a good overview of the different ways that the four sample materials

can burn.

Figure 1 shows the range of heat fluxes (all scaled to 10 meters from the

source) produced by each of the sample materials in the single and multiple

box configurations. Figure 2 shows a similar comparison of firebrand travel dis-

tances observed in the tests..

Based on the Phase 1 program, much was learned that can be applied to the

development of a standardized classification test for characterizing the fire
hazards of combustible munitions. The burning behavior of the materials is

better understood, therefore more realistic quantity-distance standards can be

developed.
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In addition, the results of Phase I clarified exactly what type of tests

must be conducted during Phase 2 in order to verify scaling techniques for free

air and enclosure fires.

MI IkISKARC" INSTITUTE
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4. PHASE 2 REQUIREMFNTS

The results of the Phase 1 investigations indicate that for some Hazard
Division 1.3 and 1.4 materials, e.g. boxed bare propellants, the burning behavior
of the individual box may be an adequate characterization of a large stack burning
in the open. With other materials, e.g. ALA 17 candles, significant transition
in burning behavior was observed as the stack size increased, even for the small
scale tests conducted. Thus, one objective of Phase 2 will be to further verify
that the individual box is indeed representative of large stacks burning in the
open for the propellants. If this is the case, a small stack of boxes, or per-
haps one box, will be an adequate quantity for the standard test for this sub-
category of materials, For materials like the ALA 17 candle, at least a small
stack is required (based on the Phase 1 results), In Phase 2, further transitions
in behavior will be sought as the stack size is increased in an effort to identify
a criteria for selecting the minimum allowable stack size for testing of materials
in this subcategory.

During Phase 1, realistic size enclosure fires were not investigated. A 55
gallon drum was used as a model enclosure. Bare propellant was placed inside the
enclosure and burned. A tongue of flame was observed to emerge out of an opening
at one end of the drum and an attempt was made to identify the scaling relations
and parameters that characterize this flame. For real items, such as the stacks
of boxes,the question remains as to how the fire will progress inside the enclo-
sure. In the open, the boxes generally burned independently --- individual fire-
ball bursts dying as a sustained fire column in each case. In an enclosure signi-
ficant interaction between boxes is anticipated. In recent British tests, boxes
of propellant were burned inside such an enclosure and a long tongue of flame was
seen to emerge from the enclosures open doorway. These test results were appar-
ently quite similar to the 55 gallon drum results conducted by IITRI. Based on
those results, the open air burns of stacked boxes will not characterize enclosure

fires. Will 55 gallon drum scale tests adeauately characterize these fires, or
will a more realistic looking larger scale test involving actual packages be
required? Answering these questions should be the essence of much of the Phase 2
work.

lIT RESEARCH INSTITUTE
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Thus, for both the open air and enclosure cases an experimental parametric

sensitivity study will be required. The major variables should include stack
size, stack arrangement, ignition type, and ignition location. The major

objectives should be to verify scaling relations and to determine the minimum

stack size that will realistically characterize the fire behavior of the
materials.

Two additional questions still remain to be answered under Phase 2. First,
a great many materials and packaging arrangements are included in HD 1.3 and
1.4. The variety of items and packaging materials is summarized in Table 3.

Under Phase 1 only four materials were evaluated:

MI Propellant
Western Cartridge 844 (WC844-a.ball powder)
2.75 inch Rocket Motors
ALA 17. Candles (an incendiary)

These materials were selected to represent the range of items in HD 1.3 and 1.4.
Unfortunately, only four materials could not possibly represent all the possible
variations that exist in these categories. Therefore, one additional material

(a smoke producing material such as white phosphorous) has been added to the
list of sample materials during Phase 2. Small scale (Phase 1 type) to inter-
mediate scale tests will be accomplished on this new material.

Second, the question remains as to the degree of confinement afforded

by a typical unstrengthened above ground storage structure. Will such a
structure act more like an igloo, containing the reaction and producing a
tongue of flame that extends out of an open doorway or window, or will it
provide negligible confinement resulting in essentially a free air burn of
the munitions? An analysis is to be conducted to evaluate this problem and
clarify which phenomena are more appropriate for characterizing the unstrength-
ened storage structure situation.

5. SUMMARY

A five phase program is being conducted by the Department of Defense

Explosive Safety Board leading to revised safety distance standards and

testing for Class 1.3 and 1.4 materials. The first phase of work has been

lIT RSIAICH INSTITUT,
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TABLE 3
TYPICAL CLASS 1.3 AND 1.4 )

MUNITIONS ITEMS AND PACKAGING MATERIALS

Munitions Items*

Propellants (solid, powder, grains/pellets)
Incendiaries
Fireworks
Cartridges

Blasting Caps
Primers
Bombs
Cord/Cable

Fuses
Flares
Grenades
Rockets/Rocket Motors

Squibs
Tracers
Contrivances
Some Explosive Devices

Packaging Materials

Paper Bags
Kraft Paper
Plastic Bags
Fiberboard Boxes

Natural Wood
Rubberized Textile
Rubber
Sawdust

Wood Vool

Textile
Aluminum
Steel
Glass

* Some of the types of items listed may also be in other

classes.
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completed. During that program, scaling relations were evaluated. Primarily,
instrumentation methods were scrutinized and the controlling phenomena were
identified. It presently appears that a classification test procedure should
evaluate stacks of boxes burning in the open, as well as enclosure fires (i.e.
at least 2 tests are needed). Based on the results of the Phase 1 program,

the essential features required in subsequent phases of work have been identified.
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F 1. INTRODUCTION

Over a period of sev~ral years, SNPE has conducted tests

using various, sometimes large quantities of hunting gunpowder

and propellants.

These tests are designed to determine the effects on the
environment of accidental ignition durina the handlina
or storage of the materials concerned.

The hundred or so tests, performed on quantities ranging
from a few kilograms to several dozen tons, served to

determine empirical laws through systematic processing of
the results, in order to predict the duration of combustion,
the size of the fireball , and the heat flux emitted.

By means of a technical approach, these laws, associated
with the data in the literature on human tolerance to heat
flux , make it possible to define hazardous areas.

Before presentino these laws and offering an example of
their application (related to French regulations), we
shall first describe one of the many experiments involving
large amounts of explosives.

2. EXAMPLE OF A TEST ON LARGE QUANTITIES OF MATERIAL

This test was designed to assess the behaviour of a storaqe
building using a hunting gunpowder, and to determine the

fireball produced.

This so-called "Captieux type magazine" was described in

detail at the 17th seminar on safety of explosives by
Messrs. Roure and Fontaine. The fioure .l- r e ( . iI1

the main characteristics of this type of depot.
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A standard storage configuration was reproduced for the
teot: the building was subdivided into 14 blocks each

containing 72 drums. Since the capacity of each cardboard
drum vas 15 kg of powder, the buildina contained 15,120 kq

of hunting powder.

Initiation was caused by the ignition - using hot wir•s -

of 150 kg of powder spread on the ground around a central

block. ()igure [11]

The film which we gha.l now see offers an Idea of the

progress of the fire and its conseauences on the building
(NOTE: the Luilding had been used in a previous test, and
the filot shows the absence of a few roof tiles before the

fire set in the expcriment doacribed hmre).

f Heat flux measurements were taken close to the building
to determine the flow arcund the fireball. Asymptotic
Hy Cal Engineering calorimeters were employed.

The graph below (figure [111j ) shows the heat flux recording at

2O m facing the building, as a ftinction of time.

Inumediately after ignition, the combustion of 150 kg of
bulk powder used to ist the fire can be observed. This
combustion reaches a peak in 3 seconds, and the heat flux at
20 m is 8 W/cm'. The t2ux then becomes practically aill

until the 85th second, when the whole building cotches

fire, the recorder is saturated but the maximum flux can be

estimated ac 50 W/cm' at 20 m (ohtained 10 seconds after the
start of the overall fire). Combustion lasts lesu than

one minute, and is followed by a residual combustion
(combustion of cardboard packings).

The depth of the flame front during total combustion is a
maximum of 30 m at the facade. (This distance was minimized

by a 5 m/s side wind, which caused the vegetation to burn
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over a lateral distance of 200 metres). At the rear of the

building, after projection of roof slabs, the flame front

also reached 30 metres. (Figure Irv]).

3. SMUICAL FORMCASTZWO EQUATZONS

Theme equations were obtained from the measurements and

obse*rvatiods noted during about 100 tests.

They Eere established by a non-linear regression method.

3.1. Radius of the fireball

If the shape of the container does not cause any particular

orientation of the flames, the fireball radius can be

estimated by the equation:

R a 1.21 . M366 
1

This equation i.s valid for M < 10,000 ka.

3.2. Combustion time

The equation is not uniform over the entire weight range.

M < 800 kg : t1 • 3.225 . 0.126 [2]

800 kg < M t 40,000 ka : t 2 - 0.707 • M0 . 4 0 5  [3]

3.3. Radiant flux
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wthero:

flux density in W/cm'

k unit conversion factor

- energy conversion factor (reflecting the part of the

energy available which is emitted in the form of

rediant tluy)

t heat transfer coefficient (reflects the part of the

radiant flux epitted which is effectively received at

distance R)

0 potential of the gunpowder (cal/q).

This is a simpie way of expressing the energy available

in the burning material.

R distance (m)

dM combustion flow rate per unit mass

The factors c and t are associated with the materials and

the fire conditions.

As a first approximation, and based on the assumptions used,

the following mean values can be taken for the product c.t.

(values obtained empirivally):

I
c.t. * if the product is in bulk or in a container

offering little fire resistance [4a]

o ct if the product is in containers offerinq
substantial fire resistance [4b]

These erpirical equations provide a technical approach to

the forecastino of danger zones in case of fire.
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Hovever, French regulations allow these zones to be calculated

principally on the basis of material weight. Before using
an example to compare the technical approach and the regula-
tory approach, it in essential to summarise the French

regulations governing heat hLux hbtacdous area calculation.

4. *RVZW or Fm nc IMITZoNS

Materials or objects incurring a fire hazard are divided into
two groups:

. one includes materials and objects which burn with the
generation of considerable heat radiation (1.3.a)

. the second group includes materials and objects which

burn fairly slowly, or in succession (1.3.b).

For each of these subdivisions, the boundaries of the danger

zones are defined in principle on the basis of the weight

involved, according to the following table:

DAN=1.3.a. 1 1.i3.b. •

21 S[mortal injury In more / /
than 50% of cases) 0 <.f1 <•2.5 M'/ Oý R1 I' K,5H/

ZI

(grave injury that may /1/3
be mortall ( 2 •3.5 N/ 3  <R2 2 K
Z3 <R'< 1/.3 < <25NI/3

(injuries) •R 3 S •'R 3 ,$2. N

Z4(possib•lity of injury) 4 /3 /R4 33.25 M1/3

w weight uf explnsible substance in kilograms.
R z distance oi the boundaries of hszardous areas, in meters.

TABLE 1 FRENCH REGULATION.
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Moreover, the same regulations provide a definition of

danger zones using the concept of heat flux,

Sson*e 31 corresponds to a flux above 1.5 W/cm'

. zone 32 corresponds to a flux above 0.6 W/cm'

This definition allows an initial technical approach if

the flux measurements are known.

5. PRACTICAL PROCEDURE FOR THE APPROXIMATE PREDICTION

OF DANGER ZONES CREATED BY HEAT FLUX.

Only the general case of non-directional combustion is dealt
with here, for which the propagation of the radiant flux is

not affected by any obstacle.

a) Input data: . weight of material

. potential.

b) Calculation of combustion time by equation 2 or 3.

c) Findina on curve Av) the flux which, for exposure times

calculated in b), cause first, second or third degree burns
(NOTE: this curves are a compilation of the work of o.E.

Jarret and K. Buettner, and of the recommendations of

MIL STD 398 dated 5 November 1976, and does not
account for burns by direct contact with the flames).

d) Use of equation [4) to calculate the distances at which

these critical flux are received.

6. SAMPLE FORECAST

To illustrate the procedure Just described, the following table

gives a comparaison between the danger zones calculated in

accordance with French regulations and those which were
estimated by our technical approach, in the case of the

combustion oi 15,120 kq of huntinq powder (potential 1000

cal.)6.
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_____ equlatoV appwroach Tachnieai .mre.•h

21 61,1 /

132 86. 90

33 123,6 110

34 160.7 10

SR RADIUS (m) OF HAZARDOUS AREAS.

This example reveals acceptable agreement between the two

approaches.

7. CONCLUSION

The many experiments conducted by SNPE helped to derive
empirical equations to predict fireball sizes, combustion
times and the radiant flux received.

In Simple cases, these empirical equations allow a very

rapid calculation of the danger zones. To deal with more
complex cases, these empirical equations offer input data
for computer programs, which must also account for the
rate of expansion of the fireball, the role of shields
and openings, and even the possibilities of operator flight.
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SUMMAR~Y

Suantity-Distances for HD 1.3 explosives, particularly bulk gun
propellants, are considered to be les soundly based than for HD 1.1 (mass
exploding) and HD) 1.2 explosives. Blast effects and projection hazards
have been extensively studied and are comparatively well understood. The
behaviour in a fire of bulk stocks, or loads, of HD 1.3 explosives depends
primarily on the strength of the confining structure. Tests on tonnage
quantities of boxed gun propellants in representative structures are
reported. The unexpectedly energetic behaviour displayed indicates that
existing Q-Ds for HD 1.3 explosives may give inadequate levels of
protection. The orientation of entrances to propellant magazines may be
a crucial element in the protection against communication between magazines
and process buildings.

INTRODUCTION

The study of the effects of an incident involving explosives (used
here in the widest sense to include ammunition, pyrotechnics and
propellants), was naturally concentrated on those showing the most wide-
spread damage and injury potential, i.e. those which mass explode. These
explosives, classified using the international scheme as Hazard Division
(HD) 1.1, produce a blast wave capable of damaging or destroying structures
at a distance. The blast wave parameters are fairly consistent and mathe-
matical relationships, which predict the range at which a particular degree
of structural damage is to be expected from a known quantity of explosives,
i.e. Q-Ds, are almost universally accepted. Licensing of explosives
holdings simply requires a decision as to what is an acceptable degree of
damage and hazard. In the writer's opinion this concept of relating the
radius for a certain degree of (acceptable) hazard to the explosive
quantity by a simple mathematical relationship is justified only when blast
is the predominating effect producing the hazard. This implies that it is
essentially wrong in principle for other than HD 1.1 mass exploding
explosives.

Projections, both primary and secondary, from buildings etc surrounding
the explosives, often accompany blast effects from a mass explosion.
Although the range of lethal projections may extend as far as a damaging
blast wave, the projection hazard is typically not the controlling factor
at the IM from larger quantities of explosives. For HD 1.2 explosives,
which display negligible blast effects, the projection hazard is the
predominant effect. The radius to a certain degree of acceptable hazard
depends essentially on the particular design of explosive article concerned
(in the military field typically HE gun ammunition not exceeding 100mm
calibre). It must be borne in mind that the range of effects is not
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significantly increased when the quantity is increased, since the articles
react individually. A typical incident would begin as, or soon result in,
a fire in a ammunition store or vehicle and continue possibly for hours in
the absence of fire fighting action. This extended duration would allow
spontaneous evacuation of personnel not seriously injured in the initial
event. Both NATO and UK/MOD specify the distance function:-

D = 6, o.18 in metres and kg

for the hazardous types of HD 1.2 explosives with a minimum of 270 m
(900 ft). Lfn the writer's opinion this almost negilgible factor of 0.18
is a sop to the gut feeling that if 2 tonnes of ammunition requires a
"safe distance" of say 270 m then 20 tonnes must need more - why not 4o00.7
It is noted that UD DOD in Interim Change 1 to Table 5 of DOD 5154 simply
specifies fixed distances for particular types of HD 1.2 explosives irres
pective of quantity. Although historically less interest has been shown
in the investigation of projection hazards than of blast, recently more
attention has been kiven to the study and measurement of projections. A
joint Australian/UK series of tests whose results are currently being
analysed is merely the latest effort in this field.

Flame is produced when almost all explosives function. In a mass
detonation the visible flame is very quickly extinguished and normally is
not so effective as blast and projections in causing damage at a particular
distance. Since RD 1.2 items react individually the flame produced is
typically even less significant than for HD 1.1 explosives. By contrast
RD 1.3 explosives display heat and flame as the predominant effect.

In contrast with the blast and projection effects typical of ED 1.1 andtI MD 1.2 explosives, the firey hehaviour of HD 1.3 explosives has hardly been
studied at all. This in spite of the large quantities of propellants which
are used, particularly in military ammunition. It is by no means only for
KE weapons that propellants are the predominant type of energetic material
present. Again it is often overlooked that Nitrocellulose (NC) and
Nitroglycerine (NG), traditionally used in propellant formulations, have a
higher energy content per lb than almost all other High Explosives.

It is well known that the energy in the propellant can be harmlessly
dissipated by burning when unconfined. It appears to have been tacitly
assumed that the behaviour of bulk boxed propellant, if involved in a fire,
will invariably approximate to that of an unconfined fire. Subsequent to
the 1939-1945 War, ESTC revised the UK regulations, including Quantity-
Distances, concerning the storage of propellants. During consideration of
the matter it became apparent that then current Q-Ds were not based on
reliable experimental evidence. The opportunity presented by the need
to dispose of war surplus propellant in West Germany led to the controlled
burning of up to 175,000 lb (800,00 kg) stacks at DUNE. It was then
decided that more closely controlled tests should be carried out in UK
and, after some simple preliminary trials a planned series of trials was
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initiated involving stacks of propellsnt up to 40,000 lb (18,000 kg)
in mnsh in the open Rir.

TRIALS CARRIED OUT 1948-1949 (Rer.4)

A programme of trials was cnrried out involving wire cages to hold
bare 'cordite' propellant in an approximate cubic heap. It was found
that central ignition of the stack gave a faster development of maximum
burn thnn peripheral ignition. The maximum flame radius at ground level
with central ignition could be represented by the formula:-

R (ft) o.44 (W in lb)

or R (m) 0 0.45 Q (Q in kg)

t A simplified formula wam proposed:-

F (ft) = o.6 wi (W in lb)

or R (m) = 0.P7 Q1 (Q in kg).

Both formulas giving the same distance of 25 m for 8500 kg (80 ft for19,000 lb).

N.B. The influence of the wind has been ignored. It is known that wind
velocities less than 10 ft/sec (3 m/sec) can significantly move the fire
ball down wind from the propellant heap.

TRIALS CARRIED OUT 1958 (Ref.5)

A further series of trials were carried out using similar wire cages
to restrain the bare cordite propellant. Essentially these were a
repetition of the previous trials with, however, some sophisticated
recording equipment including thermal dosage meters. It was determined
that the maximum flame radius of 'he fire ball (-.rrespective of height)
could be represented by the formulea:-

R (ft) = 7.4 W0"28 (W in lb)

or R (m) = 2.8 QO.2 8  (Q in kg)

For 8500 kg this is 36 m (116 ft for 19,000 lb).

Again the influence of the wind is ignored.
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PRACTICAL CONSIDERATIONS

The implied assumption that propellant ii stored and carried
"effectively in an unconfined state is crucial. Since it is known that
the burning rate of propellant is markedly increased (by a factor
exceeding 103) when greatly confined in a gun breech or a rocket motor
it is surprising that no effort seems to have been made to allow for
the effect on the burning rate of propellant by a mtructure which would
provide limited confinement. Such a structure could be a brick or
concrete walled storehouse with a concrete roof of say 6 inches (150 mm)
thickness. In the UK such construction is widely used for stores and
process buildings. A process building would be provided with windows
but a typical storehouse would be without. The internal pressure required
to lift such a roof, not tied down the walls, would be about 0.5 psi.
It may be taken for granted that the weakest part of the structure would
be the door(s) and that they would be forced open if propellant within took
fire. This would allow some venting of combustion products from the
propellant and it appears to have been assumed that such venting would
effectively restrict the propellant burn rate to an acceptable degree,
presumably dependant on the thermal protection afforded by the packages.

RECENT TRIALS OF BOXED GUN PJIOPELLANT (Refi. 7 & 8)

Between 1973-75 trials were carried out in the UK to compare the
resistance to the spread of fire within a stnck of boxed gun propellant.
Boxes constructed of fibreboard were compared with reuseable C128 wooden
boxes traditionally used to carry propellant in the UK by MOD. Rather
surprisingly it was found that there was some difficulty in ensuring
communication of fire from one box of propellant to adjacent boxes in a
rough stack. The trials were carried out in the open and even slight winds
seriously affected the impingement of the flames onto adjacent boxes. The
details of the flame geometry from the ignited box was found to be
significant. The propellant in the strong wooden boxes was found to
communicate more quickly when the boxes were neatly stacked on pallets
than the lighter fibreboard boxes which were effectively airtight. On a
pallet the precision made wooden boxes were quite accurately aligned
with other boxes in the same layer. These boxes were fitted with a simple
clipped on lid overlapping the ends and sides. On igniting the propellant
in one box the pressure within lifted the lid slightly without dislodging
it and a laminar flame issued exactly aligned to play on the join between
the next box and its lid. The result was a very fast communication of the
fire to all boxes in a particular layer. Communication of fire between
boxes on other layers took much longer and often the propellant was
extinguished before layer to layer communication occurred. Communication
between the fibreboard boxes proceeded by means of fire penetration of
the box material itself. Although it took longer for the box to box
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conmunication to occur it eventually encompassed all of the fibrebonrd
boxes on a pallet, or pallets, provided these were touching or
close together.

LARGE SCALE TRIALS OF BOXED GUN PROPELLANT (Ref. 9)

It was decided to investigate the rate of spreand of fire along n row
of pallets of boxed propellant within a representative building. A survey
of mngahinon showed that n volumetric loading density of approx. 4 lb
propellant per cubic foot was typical (64 kg m-3 ). The typical pallet was
approximately a 4 ft (1.2 m) cube and, When carrying propellant in fibre-
board boxes, held approximately 1000 lb (450 kg) net. A long room was
constructed of large concrete ('Pendine') blocks having a height and
internal width both of 8 ft (2.4 m). The length was just in excess of
40 ft (12 m) with one end dosed, and the other being completely free.
The roof was formed of steel plates about i inch (18 mm) thick and 12 feet
(3.6 m) long butted together and set across the room width. It was
realised the 'doorway' was an unrealistically large venting area for such
a storehouse of volume of 2560 ft5 (77 m3 ). Ten pallets were placed along
the axis of the room and touching as would be a typical stack in a magazine.
The ten pallets held approximately 10,000 lb (4,500 kg,) in total of
propellant. The blocks forming the walls were carefully positioned to
leave 'arrow slots' a few inches wide between. Cameras were placed to
observe the sprend of flame down the length of the building. One box of
propellant on the pallet nearest the doorway was ignited. The test was
repeated with a similar stack of pallets of wooden boxes of gun propellant.
Because of the lost volume these ten pallets held approx. 7500 lb (3400 kg)
in total of propellant. Each trial was repeated making four firings in all.

There was an initial delay whilst the first box fire communicated to
the other boxes on the outermost pallet. The arrow slots then successively
spurted flame and shortly after bright flames were seen at the last slot
indicating, presumably that flame filled the whole volume of the room, the
rate of combustion accelerated violently. The flame discharged from the
open end of the room so increased that in the first (fibreboard box) trial
a roaring flame jet swept for 200 ft (60 metres) horizontally along the
ground. The roof plate at the closed end of the room lifted and was
dislodged there-by somewhat reducing the confinement. This violent phase
when presumably the greater part of the propellant reacted, lasted about
5 seconds. Unfortunately, the cameras were not aligned to monitor this
flame projection. A similar result occurred with the other fibreboard
box trial.

The trials involving the C123 wooden boxes proceeded very similarly
although with a slightly less violent reaction. It is impossible to
ascertain whether the reduced propellart loadiag density or the protective
effect of the wood versus fibreboard caused the difference. Trial 2 of the
wood box fire, is illustrated in the film clip. In trial 4 there was a
delay, amounting to hourq before the fire was established. The established'
fire behaved identically to that in trial 2 but no film record was taken.
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OBSERVATIONS

The 18 mm steel roof of the model room constructed for the trials
had a weight corresponding to 0.20 psi. It is reasonable to ansuume that
leakage of the pressurised combustion products between the top of the
concrete wall and the plate submits the whole area of the plate to much • -
the same pressure and that this represents the maximum confinement of
combustion products. It would be anticipated that the maximum internal
pressure would occur remote from the vented end bf the room. The str•cture,
although it may appear to be of massive construction, is in fact much
weaker against a sustained internal pressure than many comson types of well
built storehouses. This implies that the effects demonstrated are minimal
and, apart from wooden sheds or thin pannelled buildings, might be exceeded
should an incident occur in many existing propellant storehouses. It is
relevant to note that French practice has been to store propellants in
long buildings with one long side completely open, apart from a mesh screen,
which arrangement produces negligible confinement of combustion products.

The strength of the anticipated flame jet from a doorway or other
opening requires that a normally constructed propellant storehouse must
never be orientated to allow the jet to play on the door or window of an
adjacent building. If the building at the exposed site is constructed
with concrete or brick walls without windows, integral concrete roof and
is orientated with door(s) away from the potential explosion site it seems
reasonable to assume that communication of fire would be effectively
precluded. Earth covered buildings would, of course, be even more
effective fire barriers. However, even a simple inperforate brick wall
should be an effective fire barrier and not transmit the heat from a
comparatively fast burning propellant fire at the PES. Communication
should not occur provided the roof was also a fire barrier and there are
no gaps between roof and walls. Distances based entirely on Quantity
would seem to be more or less irrelevant in the close-in situation.

FACTORS INVOLVED IN A PRACTICAL PROPELLANT INCIDENT

The duration of a fire may be very variable, in particillar the lead
up time to the maximum rate of heat emission. Host of the combustion will
take place during a very limited period, of the order of 5 seconds, if the
high intensity fire surge does occur. Obviously, if the incident only
involves intermittent burns of small quantities of propellant over an
extended time the chances of communication or injury are negligible. It
may be noted that both the bare propellant stack and the boxed propellant
in a moderately strong storehouse show the same period ( 5 secs) of high
intensity fire. The presence of boxes holding propellant is likely to
delay the onset of the high intensity fire but not to greatly affect the
high intensity burn rate in a moderately strong storehouse (e.g. brick walls
with concrete roof).
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Buildings of slightly greater strength eg. of reinforced concrete
with integral roof, or igloos, may by confinement provoke even faster
high intensity burn rates.

The position of the 'fireball' from a storehouse door will not
approximste to the building itself if radiation is being considered. Any
calculntion of radiative heat transfer is likely to be misleading on this
account since the effective centre of the 'fire ball' may be 50 m in front
of the doorway.

For concrete buildings the flame jet produced may approach 100 m in
A length. Direct flame impingement by the jet may give heat transfer rates

up to 10 times that expected from radiation at distances of the order of
tens of metres, typical of inter storehouse spacings. A wall traverse may
be used to deflect an anticipated flame jet to protect against direct
flame impingement. Radiation from the buoyant flame will still occur,
however, over the top of the wall. Provided the roof of the acceptor

A; buildinr is fire resistant this.may be tolerable. Windows are, of course,
transparent to heat radiation.

Quantity Distances based on radiant heat doses to people may be
inadequate if:-

a. The radiant heat pulse is of much shorter duration than the
6 secs usunlly postulated, (Reference 11) as may be caused by
stronr building confinement.

b. Building orientations are not taken into account unless well

positioned door traverses are used to mitigate.

c. A large quantity is stored in each chamber (or carried in a
ship's hold). Considerations of radiation would indicate an inverse
square law for Q-Ds.4 British experiments indicate that the flame
radius scal s AS Q0 but Q-Ds for HD 1.3 explosives are mostly
scaled at Q1 as for detonating explosives with, however, a much

smaller k factor. It is well known that large quantities of
propellants when stored underground can, when involved in a fire,
lend to projection of the cover and blast effects approaching that
to be anticipated from a similar quantity of detonating high explosive.
It would appear logical, therefore, that Q-Ds for HD 1.3 explosives
be markedly less than for HD 1.1 mass detonating explosives for
quantities cf the order of a ton or so (neglectin6 the flBmT4 jet
effect). If the scaling increase were based on Q *5 or Q the
distance wquld eventually overtake the Q-Ds for HD 1.1 explosives
based on Q7. It would be particularly convenient if this
occurred at a quantity 'I' large enough for the transition from
burning to high order deflagration to be plausible.
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CONsIERI•N INHABITED BUILDrNG DISTANCES

The inhabited building quantity distances for the storage of HD 1.3
explosives are (for larger quantities) currently calculated using the
distance functions:-

D a 6.4 Q1 in metres and kg (16 Wi feet and lb)

in NATO and UK/MOD, Refs I & 2.

and D a 3.2 Qi in metres and kg ( 8 W1 in feet and lb)

in USA, DOD, Ref.3.

It is reasonable to assume that most accidental fires have occurred
with smaller quantities of explosives (i.e. 10 tonnes or less) since the
majority of explosives storehouses fall into this group. It may also
reasonably be assumed that most incidents were due to external effects
and not to inherent chemical instability of propellant material, which
can presumably be ruled out these days. The practicable experience of
fires invblving HD 1.3 explosives may have been given undue weight in
setting out protection levels. The possibility that, for propellant
storage buildings of quite common design when quantities exceed a few
tons, the effects may be quite disproportionally more violent than
normal experience has apparently been disregarded.

The 1BDs prescribed in both NATO and UK for propellants are 29%
of those specified for high explosives. In US military practice the
ratios range from 2Wv for smaller quantities down to 16% for Q of
250,000 lb (110,000 kg). Again making the point rather differently:-
The same spacings and presumably acceptance of injury levels to persons
and damage, are used by NATO and UK for Process Building Distances and
for Inhabited Building Distances in the USA.

CONSIDERING MAGAZINE DISTANCES

The quantity distances between magazines or explosives storehouses
for HD 1.3 explosives are currently calculated using the distance
functions: -

D = 0.22 Q4 in metres and kg (0.49 W4 in feet and lb)

in NATO & UK/MOD, Refs. 1 & 2.

and D = 2.0 Q-1 in metres and kg (5 W1 in feet and lb)

in USA, DOD, Ref.3.
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The NATO/UK value represents about 80% of the flame radius from an
unconfined bare stack of propellant (Ref.4). Since the distance scales
as the square root of the quantity it becomes progressively more

A conservative as Q increases. The US DOD value being scaled as the
cube root of the quantity becomes progressively less conservative as Q
increases. (Making the assumption that the effect is correctly
represented by an index approximating to 0.45). However, the actual
distances required by the US are longer for quantities up to 500 tonnes,4• which may possibly be the practicable limit.

The inter-magazine distances with barricades prescribed in NATO/UK
for propellants are 291% of those specified for high explosives for 1 tonne
rising to 82% for 500 tonnes. In qS military practice tbe c6antant ratio
is 55% of the US HD 1.1 Q-D of 9 W's feet and lb (3.6 Q in metres and kg).
The NATO/UK distance for HD 1.1 is 2.4 q in metres and kg (6 W1 in feet
and lb), perhaps a traverse (UK) gives greater protection than a
barricade (US)? If a Q of 8.5 tjnnes (18,700 lb) is considered as a
typical storehouse load then the US tabulated distance (Ref.3) is
125 ft (38 m) and the NATO/UK value (Ref 1 & 2) is 21 m (69 ft). One can
only speculate as to the rationale behind the unusually conservative
approach by US DOD compared with NATO. It may, presumably, be assumed that
it was not based on flame jet considerations.

CONCLUSION

Consideration. of some HD 1.3 quantity distances show many anomalies
and imply that the level of protection they afford may be inadequate

* compared to HD 1.1 and 1.2 explosives whose effects are better understood
It is the strongly held view of the writer that the behaviour in a fire of
boxed propellants, and the various types of rocket motor classified as
HD 1.3, does not lend itslef to theoretical study nor to modelling.
Large scale test firings should therefore be carried out to confirm, or
otherwise, the presently accepted quantity distances. More immediately,
large quantity HD 1.3 storage facilities should be surveyed to ensure
any probable jetting effects from buildings do not produce an
unacceptable communication hazard.
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-. Jim IMPROVED THERKML PROTECTION FORPYROTECHNIC WORKERS
!• •• s • ~ ~Jim I. Martin, Don W. Moore, Trany X. Bramlett.Dy&imeanI.

SLone Star Army Ammunition Plant

OBJECTIVE

The objective of this research was to determine the

Srelative advantages and disadvantages of varivu: types of fabrics

1A and materials for providing protection for employees against

S4 flash fires. After determining the best materials for thermal

0 protection, design requirements for a flashsuit, gloves, a,%d

0 visor assembly were to Le established.

0 BACKGROUND

The selection of protective equipment and clothing to

guard against thermal injury to ammunition and explosive workers

must have a sound basis in fact. Until recently it did not. As-

sumptions had been made that protective equipment that has proven

itself adequate for civilian firefighters, or for steel workers,

or for airplane fuel firefighters, could be successfully used at

ammunition plants. The unfortunate evidence provided by recent

incidents and the results of a series of preliminary tests indi-

cated that these assumptions were false.

As a result of these discoveries, a nced for re-evalu-

ating the protective qualities of the materials used became

apparent. Alternative types c! materials were considered. Pro-

duct descriptions were obtained. The opinions of fabric manufac-

turers, of suit designers, and of protective suit users were

solicited.
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A bewildering variety of answers was obtained. Dif-

ferent fabric manufacturers used different types of tests which

produced incompatible results. Suit designers and the users of

protective suits had greatly varying requirements to meet their

different sources of thermal stress. It became apparent that the

only way to have a sound basis for selecting different fabrics was

to conduct a methodical examination of the thermal protection pro-

perties of these fabrics and materials under a standardized testing

procedure.

EXPERIMENTAL PROCEDURE

A series of tests was designed to evaluate the properties

of protective fabrics and materials against various heat sources.

Laboratory tests were conducted with a fixed heat source; field tests

were conducted with one type of pyrotechnic materials; and burn en-

velope tests wei,- -nnducted with quantities of different types of

pyrotechnics.

Laboratory Tests

The laboratory tests gave the opportunity to cbz;in r•-

liable and complete data on the benefits of different kinds of

material. The tests were conducted under controlled conditions,

with a defined heat source, with a fixed distance from the heat

sources, and with a measured amount of time.

As a result of extensive trial and error, a reliable,

practical, and relatively realistic experimental procedure was

developed. It consisted of exposing samples of fabrics to an

oxyacetylene torch for brief periods of time. A mechanical

shutter allowed the fabric to be exposed to the flame for times

662

-=- - i



varying from 114 second to 1½ seconds. The fabric was positioned

so that it was in the most intensely hot part of the flame (2.5

inches from the orifice) where a thermocouple consistently indi-

cated readings of over 2,6000 F.

Samples of different fabrics were exposed to the flame

while the temperatures on the unaluminized side were recorded

using thermocouples and termperature indicator strips. Thermo-

couples were used for most of the testing because, in addition to

indicating the maximum temperature reached, they could be used to

determine the length of time it took to reach that maximum tempera-

ture and the total time that the temperature exceeded 1400 F

(blistering will occur if the base layer of skin reaches this

temperature).

The same laboratory test series was conducted under

conditions simulating the effects of deluge activation. Water

was discharged onto the aluminized surface immediately after

the flame was cut off. Under these conditions, the desirable

characteristics (lower maximum temperature and shorter time

".hove 1400 F) of all fabrics showed improvement. Nevertheless,

the same rank order of fabrics was found to hold in both the

dxy and wet conditions.

Additional tests were performed, using the -me test

apparatus and single or multiple layers of unde.y_ cabric

(unalum~inized Nomex or cotton). With the addition of under-

lying fabrics, the desirable characteristics of fabric protection

improved. In general, the same rank ordering of outer protective
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fabrics was found to hold across all combinations of underlyinq

fabrics. Greater variability in the results was found. Previous

researchers have concluded this variability occurs because it is"

impossible to keep the multiple layers consistently separated

from one test to another.

The tests in the laboratory setting using the oxyacety-

lene heat source permitted rigid control of the test circumstances.

The heat source characteristics, the distance from the flame, and

the time of exposure were all controlled with some precision. As

a consequence, it was possible to make an accurate comparison be-

tween the protective properties of the different fabrics.

Field Tests

In the field tests, using pyrotechnic materials as the

heat source, precise control of the factors cited above was im-

possible because of variations in the materials, the burn rate,

and the evolution of the burn sequence. Nevertheless, it was

necessary to determine to what extent the results of the labora-

tory tests applied to the actual field situation.

The field tests were performed with a movable arm

which passed the sample of fabric or material through the flame

of a burning pyrotechnic pellet at a fixed rate of speed. For

most of the test series, the samples passed 1 inch over the burn-

ing pellet and were thoroughly immersed in the flame. Exposure

times varied from approximately 0.5 seconds to 3.0 seconds. Tem-

peratures were recorded with quick response thermocouples, and

heat flux was measured with a calorimeter. Most of the tests were

performed with single layer samples, but additional ones duplicated
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the multi-layer and simulated deluge tests performed in the

laboratory.

For the most part, the results of the field tests

paralleled those of the laboratory. The one major difference

was in the effectiveness of inerting a layer of reflective foil

in the visor facepieces. The laboratory tests had shown little

effect of the foil, but with some pyrotechnics, the foil greatly2i reduced the temperature increase, probably because of the higher

radiant energy generated by the pyrotechnic material.

Burn Envelbpe Tests

The burn envelope tests were performed primarily with

various quantities of a high-range pyrotechnic mix (one that

had the greatest caloric output). Additional tests were con-

3.ucted with mid-range and low-range mixes.

The burn envelope tests were the most difficult to

,ontrol, to measure, and to replicate. Major differences in the

frowth, shape, and movement of the burn envelope from one test

:o the next made it impossible to ensure that samples mounted at

:he same position were actually exposed to the same thermal

threat.

Analysis of the data showed, however, that the same

general performance characteristics of the different test materi-

als were maintained in the burn envelope tests. No major dik-

ferences were determined, but valuable data about the shape and

development of the thermal threat from pyrotechnic mixes were

obtained.
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RESULTS AND DISCUSSION

The test series generated volumes of data for a wide

variety of samples under many different test conditions. The

findings of the various test series are summarized in the follow-

ing subsectiQns by the major area of interest - fabric, glove,

visor, and burn envelope results.

Fabric Results
I

Tests on various kinds of fabrics were performed with

25 types tested in the laboratory series and 40 in the field

tests. Various weights and thicknesses of aluminized and un-

aluminized fabric were examined. Table 1 summaries the types

of fabrics examined.

TABLE 1.

FABRICS TESTED

LAB FIELD TYPE

4 4 KYNOL

4 4 RAYON

5 U KEVLAR

4 6 NOMEX

0 9 SILICA-SASED

* 4 OTHER SYNTHETICS

2 I NATURAL FISERS

3 10 LEATHER

The data from the laboratory tests and pyrotechnic

field tests were in close agreement. Data from the field tests

with single layers of protective fabric are summarized in

Table 2 and illustrated in Figure 1. For short duration exposures,
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the differences between the various fabrics appear relatively in-

consequential; for prolonged exposures, however, there are signifi-

cant differences.
TABLE 2.

TYPICAL PYROTECHNIC TEST RESULTS

EXPOSURt TIMK Tro NUNN I/& axe i 1/t aCx
LEATMEN 40 lIo

KYNOL. 7.00
RAYON S CHARRED

KEVLAR ISO 470

NOMXX 140 NOW

COTTON 311 BUR13]D

FImNIRSLAS ISO @0
5ILICA-AS.AO 100 ,10

Leather consistently performed the best. Kynol-bas.d

fabrics also yielded good performance and were generally superior

to other fabric blends; however, it is impossible to specify one

fabric as the best under a2l test conditions, test measures, and

operational requirements. Different materials proved superior

under certain circumstances. In general, however, Kynol appeared

the best of the synthctic fabrics.

The reason for some of the inconsistency in results is

apparent in the following figures. For a short duration exposure

to pyrotechnics, the results are relatively straightforward.

(See Figure 2.) Leather appears the best with the lowest and

slowest temperature rise. When the exposure time is lengthened
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404

to 3.0 seconds (see Figure 3), the results become confusing. Is
it more desirable to have a fabric with a slower temperature rise,

even though the maxium temperature attained is significantly

greater (e. g., the Kevlar as opposed to the Kynol S, or the Kynol A

as opposed to the leather)?

The selection of fabrics becomes even more confusing

when the early temperature rises occurring immediately after ex-

posure to the flame are examined. In work operations where a

deluge system is mounted, the rapid onset of water would dissipate

the heat before it could penetrate the fabric, so it would appear

that the fabric which would delay heat penetration the longest

would be best. However, while failure of a deluge system is ex-

tremely rare, the consequences of such a failure would be more

disastrous if a fabric with a slow, but ultimately higher, tempera-

ture rise were decided upon. Figures 4 and 5 show temperature and

heat flux data for a few of the samples examined and illustrate the

problem in making the selection. In general, however, by most

measures, leather is the best material, and Kynol has qualities

that make it the best of the synthetics.

Multiple layers of Nomex underclothing reduce the tempera-

ture rise, and the rapid onset of water quickly cuts the peak tem-

perature and promotes cooling. Tests with multi-layer and with

simulated deluge conditions are illustrated in Figure 6. Despite

the added protection provided by multiple layers of clothing and

the deluge system, the major protection is afforded by the outer

layer, and the selection of that material determines the additional

effectiveness of other measures.
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a Materials which were unaluminized showed substantially

lower peak temperatures under the deluge conditions. Table 3

summarizes representative tests with some materials tested with

pyrotechnic burns.
TABLE 3.

COMBINED MULTI-LAYER AND DELUGE TESTS WITH PYROTECHNICS
TEMPERATURE INCREASES (OF)
KYVoL MAYON LEATSHE KYvoL

DRY CONDITION ALUM. ALUM, UNALUM, UmALUM.

SINGLE LAYER III 's 411 7
PLUS ONE LAYER NOMEKX as 48 4o

PLUS TWO LAYpRS NOMEx 48 @1 4I 43

DELUGE CONDITION
soINmLE LAYER 61 m* a SI

PLUS ONE LA^•R NOMaX 44 is |0 s

PLUS TWO L.AYERS OMKX a 47 Be 4

The aluminization process makes materials relatively waterproof

and retards the cooling effect afforded by the water. Although

the aluminization does have this disadvantage, the advantages demon-

strated in prolonged burns in the laboratory, fieldand burn enve-

lope tests provide compelling evidence that its use is warranted.

In working with pyrotechnics, it is possible that the suit

or gloves may be wetted with acetone, alcohol, or water during some

stage of the process. In order to determine if any of these wetting

agents would have an adverse effect on the protection offered by

a fabric, special laboratory and field tests were conducted. A

summary of some of the data from the field tests is provided in

Table 4.

)675



TABLE 4.)

EFFECTS OF WETING AGENT ON PYROTECHNIC PROTECTION
TEMPMRATURK INCREASE - OLOREtS F

FA81RIC 0"Y ALCOIHOL ACETONE WATER

I(4CNOL. UNALUM1iNI ZED 1 W 4 a

NNOL. AL UMINIZED a 13 ma ti

RAYON. ALUMINIZKD W o El s

In neither series of tests was the protection impairedl all wetting

agents resulted in a reduced temperature peak. There was some

variation in the effectiveness of the enhanced protection. In the

most prolonged burns of the pyrotechnic tests, the acetone apparently

evaporated more rapidly than it did in the oxyacetylene tests, be-

cause no appreciable cooling effect could be noted.

During the course of use of a protective fabric suit,

the aluminization may exhibit cracking or abrading. Tests were con-

ducted to determine to what degree those conditions reduced protec-

tion. Surprisingly, in both the laboratory and field tests, the

worn fabrics generall.y showed protection as good as, if not better

than, new material. Figure 7 summarizes the typical results from

the laboratory tests. The improved protection appeared to have

resulted from the increased thickness of the fabric caused by the

repeated flexing and bending which caused the cracking or abrasion.

On prolonged exposure to a high thermal threat, the intact alumini-

zation proved superior, but for a wide range of other exposure con-

ditions, the used fabric samples were frequently superior.

The leather samples examined in the main body of tests

proved to be consistently superior, but their weight was approxi-

mately twice as heavy as the heaviest synthetic fabric. It had
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WORN FABRIC TEST RESULTS

100

50

0'40

E-4 0 25 50
Time (Sec) After Onset of Exposure

Increase in Time (Sec)
Fabric Temp. (0 r) to Peak Time (Sec)
Condition Above Ambient Temperature Above 1400 F

S.. ...... Unused Rayon 92.0 2.0 52.0

Used Rayon:•

--- --- Good Condition 85.5 3.6 31.4

S... Slightly Abraded 84.5 3.5 23.0
.... Cracked Surface 78.0 3.0 19.2
S...... Heavily Abraded 76.0 3.0 20.5

•Samples of fabric exposed to 26000 P for 1/2 second.

Figure 7.
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been found throughout the tests that the degree of thermal pro-

tection generally showed some correlation to the weight and )

thickness of the samples examined. Additional tests with pyro-

technic sources were conducted with a wide range of weights and

thicknesses of leather. The results are summarized in Table 5

and show that while there is some correlation of the weight of

the leather, the aluminized leathers gave substantially better

protection than did other leather samples of greater weight.

TABLE 5.

LEATHER SAMPLES IN PYROTECHNIC BURNS

LEtAgTHER TYPE WRIGHT TRMPERATURE
UN-ALUMINIZED (OZ/YO3 ) INCREAUE (Or)

CRCEAM GRAIN so

UUFPED GRAIN 1i i"

CROME LEATHKR as ilo

CROMIE LE^ATH4Rt 40 lag

THERMAL LEATHER 40 US

CROME LEATHER SO SI

ALUMINIZED

SPLIT LEATHER 34 as

ALUMINIZRD LXATHEIR 1 60

The qeneral results of the fabric tests are summarized

in Table 6.
TABLE 6.

FABRIC TEST RESULTS

NO ONE TypE OF PASRIC Is 0E6T VON ALL.

TEST CONDITIONS

MEASUREKMKNT PROCOIDUREIS

OPERATIONAI. CRITERIA

KY.OL EIN.RALLY SAVE THE BEST RESULTS

PFOR OvWIHETICS

LEATHER PIRFORMED T•lE OEST Or ALL

OUT AT INCR1AS4ED WEIHT

ALUMINIZATION IS ISENlEPICIAL POC

HIGH THERMAL THREATS

0i7



Glove Results

Tests were performed on a variety of gloves and of

glove materials in both the laboratory and field test series.

Although tests were conducted with the gloves intact, data was

also collected from tests in which the glove was taken apart

and the sensor reassembled in cuch a way that the location of

the sensor with respect to the liner and outer layer could be

consistently positioned. Data collected with the glove materials

reassembled in this manner tended to be more consistent.

The different gloves exhibited greatly varying degrees

of protection. As with the fabric tests, leather gloves gener-

ally gave the best protection. Synthetics could match the pro-

tection afforded by the leathers only by greatly increasing their

thickness. (See Figure 8 and Table 7.)

TABLE 7.(.
GLOVE MATERIAL PYROTECI.IIC TESTS

TEMPERATURE IN"CRAIES (C )

WITHNOUT WITH
LINER LINER

ALUMINIZED LEATHER 114 76

WORK LEATHIER 4 11
PIESKIN Ia 36

KNIT KYNO@L Ia g

KXVLAR 4 a

KMVL•R 7 I NI

ftiSEnSLAO off

Liners enhanced the degree of protection afforded by

any other material. A problem with many pyrotechnic operations,
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Figure 8(b). Effects on Gloves of 1 Second Laboratory Test Burns.

Top Row: Kelnit; Asbestos; Aluminized Rayon; Aluminized Fiberglas
Bottom Row: Leather; Work Leather; Aluminized Leather; Aluminized

Kevlar; Knit Kynol.
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however, is that a substantial degree of flexibility and sensi-

tivity is required for performing the work. Liners generally en-

cumber the operation and could prove to be a greater safety

hazard than help.

Visor Results

Tests were performed with different visor faceshield

materials in single and multiple layer tests. Table 8 summarizes

the results for the laboratory tests performed with visor assemblies.

Figure 9 shows the test apparatus for the laboratory test of the

visors, and Figure 10 shows the results of burn tests of visor

shields.

The results of the pyrotechnic tests varied from those

of the laboratory in that the reflective foil proved to make a

substantial contribution to reducing the thermal threat. (These

results are discussed in a separate report.)

With all of the visor tests, the temperature rise in the

multi-layer assemblies was substantially lower than than obtained

under similar conditions with protective fabrics. For protection

against damage to the inner shield and for enhanced thermal pro-

tection, a dual layer shield should be used. Reflective foil

should be used against certain types of pyrotechnic threats with

high radiant outputs. An inner shield of 1/8th inch Lexan, an

air gap, and an outer shield of .040 acetate provides optimal

protection.
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Figure 10. Prolonged Burn Visor Test Results
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Burn Envelope Results

The burn envelope tests were designed to determine the

extent to which the flame generated by a burning pyrotechnic mix

would expand. Samples of fabric were mounted on test stands to

determine the temperature rises experienced within the burn enve-

lope.

There were found to be massive differences between vari-

ous pyrotechnic mixes in the heat output, the area and volume the

burn envelope would occupy, and the duration of the burn. Examina-

tion of paper tape indicators and a review of single frames of

motion pictures and videotapes showed that the border of the

burn envelope was sharply defined but that the shape was con-

tinually changing.

As a result of these variations in the flame envelope,

samples exposed to the burn received various amounts of thermal

insult, and consistent results for samples located at the same

place in the field could not be obtained. Nevertheless, by com-

puting the averages of the rank order of effectiveness of the

tested samples at each location, a generalized ordering of the

effectiveness of the fabrics could be obtained. When this was

done, as is shown in Table 9, leather proved to be the best, with

the two varieties of aluminized Kynol in the following places.
TABLE 9.

BURN ENVELOPE FABRIC TEST RESULTS

L"A"60,0 ALUMINIZD I1,1 RAYON. A.LUMINInEo I us
KW406, ALUMINIZED 3 lo.S KYLAR. A^LUMINIZED V U.Sg

KV@L"* ALUMINIZED A U jI6rlE.LA. A.UMINIZID is

RYWOL.0 UNALUMININD i #40MIM9x A^LUMINIZED 43

RVYON, A&UMINIZED U U•. iYLAR. ir UNa.ut..M 4 0

RANK ORDEn AVAStcei OP TaN TIyne Or PASRIO6
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Summaries of the findings for the temperatures recorded

on fabrics exposed to a 16-ounce burn of a high-range pyrotechnic

mix are indicated in Figure 11. The temperature readings are those

obtained at positions approximately two feet apart above and away

from the pyrotechnic source. Similar readings are shown for three

quantities of pyrotechnic mix in Figure 12.

The rayon appeared to give substantial protection on some

of these burns, but the protection was afforded by the char which

developed over the sensor. When the fabric was touched, it crumbled.

For a protective suit, this protection afforded by the char would

be illusory. In conducting these tests, all fabrics were routinely

examined to determine if spurious results such as this should have

been discounted.

It should be noted that the temperatures recorded were

obtained with temperature indicator strips. These strips are

sensitive to both the total temperature and the duration of the

rise, so it is unlikely that they represent the actual temperature

attained behind the protective fabrics. Despite this drawback,

they do permit comparison of the results of one fabric with those

of another, and they allow the simultanteous sampling of many

more fabrics than would have been possible by other means.

Despite the variations introduced by the experimental

constraints of the burn envelope tests, when the results are ex-

amined in conjunction with the more rigidly controlled laboratory

and field tests, they do appear to be consistent with the earlier,

more accurate and replicable findings, and for that reason, appear

to reflect a basic validity common to all three test processes.
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PROTECTIVE CLOTHING

A continuing effort is being made to apply the findings

from this series of tests to the development of an improved pyro-

technic suit and to the selection of gloves and other protective

gear for pyrotechnic operators.

Certain objectives were established as essential for

the improved flashsuit. It musts

* Permit unassisted and quick removal.

* Allow routine body and arm movements.

* Cover the head and torso completely.

e Provide an uninterrupted front.

. Seal flaps and overlaps effectively.

* Allow a clear view of the operating area.

1 Provide for air cooling with an automatic disconnect.

4Other objectives were established as desirable. The suit should:

* Weigh less than 10 pounds.

* Permit unassisted entry.

* Require as few discrete actions as possible when

putting the suit on.

e Allow operators direct access to fresh air

via a detachagle hoodpiece or hinged visor

facepiece.

After attempting over ten prototype designs, the essential

characteristics have been met, but the desirable characteristics

could not be completely satisfied. Figure 13 depicts one of the

latest models of a suit meeting the essential characteristics.
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Continued efforts are being made to increase the comfort

and ease of entry into the protective suit, and to incorporate the

latest findings into providing for increased protection. At the

current time, the following recommendations (see Table 10) reflect

the most recent developments.

TABLE 10.

SUIT DESIGN m RECOMMENDATIONS

KtYNOL. FMla Pon oR H mra a

Lg-ATHER FOR THU AMSM AN^ HOOD

AL*MINIZATION FOR "IGH THERMAL THREAT

AIR-COOLING WITH AUTOMATIG DISCONNEICT
INTEGRAL SUIT ANo AItR vST PApCKAE

DUAL. LAYER VISOR WITH POlL AS RMeUIRED

It must be emphabized that while the objective of this

( research has been to develop thermal protection, the most effective

thermal protection is the removal of the operator from hazardous

operations. Concurrent efforts are being undertaken at Lone Star

Army Ammunition Plant to remote the most hazardous pyrotechnic

operations.

Even when most of these operations have been successfully

automated, there will always remain the necessity to provide personal

protection for maintenance and other individuals who will, of ne-

cessity, come into proximity to pyrotechnic operations. The data

obtained by these tests will therefore continue to prove of benefit

in attempting to provide the most effective thermal protection to

those engaged in pyrotechnic operations.
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The views, opinions, and/or findings contained in
this report are those of the authors and should not be con-
strued as an official Department of the Army position, policy,
or docision, unless designated by other documentation.

The data and conclusions contained herein are based on
woik believed to be reliable; however, we cannot and do not guarantee
that similar results and/or conclusions will be obtained by others,
and we do disclaim any liability resulting from the use of the
contents of this report.

APPENDIX

TECHNICAL DATA

)

Table 11. Pyrotechnic Mixes Used in Burn Envelope Tests

Type of Mix Category Heat Omtput

M13 Tracer High Yield 2774 cal/ga

P692 Delay Medium Yield 1807 cal/gm

M549 Delay Low Yield 583 cal/gm
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Table 12. Fabrics Used in Pyrotechnic Tests.

Category Description Weight Thickness Temperature Rise (oF)
Code (oz/yd') (inches) After Timed Ei -sureS0.5 see 'Toec

KYNOL
YA alum. AKI 17.2 .053 74.5 302
YS alum. Amatex 22.9 .063 85.5 199
YU unal. Amatex 19.0 .064 76.5 326
YK unal. Knit 27.4 .064 -- 132

RAYON
RU alum. Gentex 1017 (used) 19.1 .053 81 222.6*
R6 alum. Gentex 1006 14.9 .031 78.5 351.6*
R7 alum. Gentex 1017 19.9 .041 89.5 158*
R9 alum. Gentex 1019 18.8 .044 70 194.6*

-' UVLAR
RN alum. Gentex 1090 9.1 .030 138 Burn**
M . KV alum. Fyrepel 11.3 .025 97 681.5
1KH unal. Amatex 11HT26 10.7 .040 149.5 476

K4 unal. Amatex 22PT7 21.9 .073 64 299.8
M• unal. Flextra 15.3 .053 131 472

NOM4X/ARAMID
NG alum. Gentex 1055 13.3 .083 62 Burn**
NN alum. Gentex 1056 10.0 .019 231 Burn**
NO alum. Fyrepel l0om 11.4 .025 112 Burn**
N3 alum. Gentex 1053 4.8 .012 140 Burn**
MC alum. Fyrepel check 4.7 .018 222 Burn**
NB alum. Fyrepel black 9.8 .018 150 587

SILICATES
SR unal. HAVEG 84CH red-back 22.9 .029 75 726
SH unal. HAVEG 188CH 40.4 .053 92 256
SB unal. HAVEG 84CH 18.9 .031 133 840
SC unal. HAVEG UC-100-48 19.0 .031 118 771
SRF unal. Refrasil 19.6 .034 91 895

OTHER SYNTHETICS
FG alum. Gentex fiberglass 15.4 .020 150 624
PR alum. Gentex Preox 16.7 .037 82.5 666.6
OT unal. Amatex 24PT73WR 24.0 .073 74 237
GN unal. Amatex 16HT65WR 16.0 .052 70 535.3

LEATHER
CR3 unal. Cream grain 20.2 .053 -- 97.9
BU3 unal. Buffed grain 20.8 .055 -- 106.5
5BW3 unal. Chrome split 26.2 .066 -- 100.8
5BL4 unal. Chrome split 39.5 .062 -- 104.6
LA3 alum. split 33.8 .062 40.5 63.3
LA4 alum. split 44.7 .058 -- 87.6
SC4 unal. split 44.8 .069 36 --
TH4 unal. Thernaleather 39.4 .072 -- 79.7
LAS alum. split 39.7 .069 45 70.0
BL5 unal. Chrome split 50.0 .087 -- 80.6

OTo=R 0WANICS
CO alum. Gentex 1003 Cotton 14.0 .025 124 Burn
NO alum. Gentex 1009 Wool 20.5 .069 63 114.3

* harred and disintegrated (insulated thermocouple gave false reading).( ) ** Burned, melted, shriveled, or otherwise destroyed.
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FrGl• 14.
Typical Test Results for

Samples of Fabrics Exposed to Temperatures in Excess of 2600 OF
for 0.5 Seconds.

Figure 14(a). Side Exposed to Flame.

Figure 14(b). Side Opposite Flame.

In both figures, the samples are displayed in the following order:

Top Row, Left to Right: Third Row, Left to Right:
Rayon, Used Nomex, 1053, Check
Rayon, 1006 Kevlar, 1090
Rayon, 1017 Kevlar, V
Rayon, 1019 Kevlar, llHT
Preox Kevlar, 22PT

Kevlar, Flextra
Second Row, Left to Right: Cotton, 1003

Kynol, AKI
Kynol, Suit, Amatex Bottom Row, Left to Right:
Kynol, Unaluminized, Amatex Wool, 1009
Nomox, 1055 Refrasil
Nomex, 1056, Thin Fiberglass
Nomex, 10 oz., Thick Leather, 3

Leather, 5
Leather, Unaluminized

•i ~694 •
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FIGURE 15.

Typical Test Results for

Samples of Fabrics Exposed to High Yield Pyrotechnic Burn
for 0.5 Seconds.

Figure 15(a). Pyrotechnic Test Samples (Side Exposed to Flame).

Figure 15(b). Pyrotechnic Test Samples (Side Opposite Flame).

In both figures, the samples are displayed in the following order-

Top Row, Left to Right: Third Row, Left to Right:

YS Kynol, Suit, Amatex SC Silicate, UC 100-48

YA Kynol, AKI SB Silicate, 84CH
YO Kynol, Ualuminized, Amatex SH Silicate, 188CH thick
R6 Rayon, 1006 SR Silicate, red backing
R7 Rayon, 1007 FG Fiberglass

PR Preox
Second Row, Left to Right: GN NorFab, 16HT 65WR

KV Kevlar, V GT NorFab, 24PT '73WR
KF Kevlar, Flextra
K4 Kevlar, 400 Bottom Row, Left to Right:
KH Kevlar, KH UA Leather unal (L5)
N3 Nomex, 1053 L5 Leather L5
NB Namex, Black L3 Leather L3
NB Nomex, Black wO Wool wool
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GENERAL RISK ANALYSIS METHODOLOGICAL IKPLLCATIONS TO

EXPLOSIVES RISK MANAGEMENT SYSTEMS

Prepared for the Twentieth DoD Explosives

Safety Seminar

Norfolk, Virginia

24-26 August 1982

BY

o Lloyd L. Philipson
J.H. Wiggins Company

1650 South Pacific Coast Highway

Sm4Redondo Beach, California 90277

elk ABSTRACT

An investigation sponsored by the National Science Foundation has produced

as one of its results a survey and evaluation of risk analysis method-

ologies. This paper presents some implications of the surveyl) to risk

analysis and decision making for explosives hasards such as may ultimately

be implemented in the Navy's proposed NOHARM System and other similar

systems that may be contemplated by DoD organizations.,

GLOSSARY

Risk

The probability distribution for the occurrences, due to faults or failures,

or external events, of a set of possible losses, such as given numbers of

casualties, deriving from a given activity, such as the operation of a

specified facility under specified conditions for a particular period of

V time. Risk is often also used to mean the product of the probability and

(1 )Supported under Grant No. PRA-8007228. Any opinions, findings, and
conclusions or reoomoendatioat expressed here are those of the author
and do not necessarily reflect the vievs of the National Science
Foundation.
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magnitude of a given loss, or the sum of such products over all the possible

losses, i.e., the expected loss. Individual risk is the probability of a

given loss (e.g., an injury) occurring to any member of the exposed popu-

lation. Group or societal risk is the probability that a given number of

individuals will suffer a given loss.

Risk Assessment

The integrated analysis of the risks of an activity, system or facility and

their significance in an appropriate context. It incorporates risk esti-

mation and risk evaluation.

Risk Estimation

The statistical, analytical and/or judgmental modeling proceas leading to a

quantitative estimate of a given risk.

Risk Evaluation

The appraisal of the significance of a given measure of risk, as for

example, the comparison of the expected number of casualties per year from a

specified facility's operation, with that from a number of other, generally

"accepted" sources of risk; or the appraisal of the risk of such casualties

in relation to the socio-economic benefits of its acceptance.

Risk Management

The process whereby decisions are made to accept a known risk or hazard or

to eliminate or mitigate it. Trade-offs are made among increased cost,

schedule requirements and effectiveness of redesign or retraining, instal-

lation of warning and safety devices, procedural changes, and contingency

plans for emergency actions.

INTRODUCTION

The application of probability-based decision criteria in explosives safety

management appears to be gaining some ground at present in the military.

Cqmputer implementations of this application as management decision support

systems are being considered. This has been due to the increasingly evident

inadequacies and costliness of the traditionally employed, purely con-
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sequence-orientated, Explosives-Safety-Quantity-Distance (ESQD) safety

decision criteria. In particular, the Navy has carried to the preliminary

requirements definition stag*e the NOHARM (Naval Ordnance Hazards Analysis

and Risk Management) System concept for aiding decision making on the ex-

plosivei hazards in the tidevater areas of Navy bases [1), [2], (3). £4],

[5]. The Western Space and Missile Center at Vandenberg Air Force Base has

initiated the conoeptualisation of an analogous system, PERNA' (Probabilistic

Explosives Risk Nanagement Assistance), as a probability-based aid to safety

decision making on rocket launch support facilities [6). The general

concept pf an explosives risk management system is sketched in Figure 1.

While the belief in the value of such explosives (and other hasards, as

well) risk management support systems has recently strengthened, it is

nevertheless also generally recognised that the satisfactory implementation

"of the risk analysis functions of these systems is not easy, in large part

due to the shortcomings of the data bases and fundamental physical inform-

ation available for the carrying out of these functions. Furthermore, it is

well understood that the philosophical foundations for the application of

probability-based safety decision criteria where people are concerned are

( not yet firmly set, not only in the military but in society at large.

A recently completed review for the National Science Foundation of risk

assessment methodologies and the uncertainties that arise in their various

forms and applications has attempted to throw some light on these problema

and on the various approaches to their possible resolution, or at least

amelioration, that have been considered (7]. The intention of the present

paper is to draw from this general review some pertinent implications to

explosives risk management procedures. For the sake of brevity, only those
especially critical procedures will be considered here that are involved in

(1) the estimation of the occurrence probabilities of mishaps involving

explosive materials, and (2) the use of risk estimates in the risk

acceptability and risk mitigation cost-benefit evaluations that would be the

basic outputs of explosives risk management assistance systems. The context

of these specific considerations is first introduced in a discussion of a

general risk estimation model and of the general objectives of risk

evaluation.
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(W The (Geoeral Risk sltimation Process

Possible lose** (fatalities, injuries, property damage, mission delays)

sorue from an explosives handling, transport or storage activity an the

result ot certain sequences of events. As illustrated in Figure 2, they say

gtenerally be considered to include the occurrence of a primary event, suoh

as an equipment failure, e.g., of a crane, that leads to an initiated event

(the occurrenoe of a particular mishap or accident), such as the dropping of

an ordnance item. A reaction occurs and a container, such as the orduanoe

item's casing, ruptures and releases its material or energy content, and

Senerates thereby one or more possible effects, e.go, a fire, an explosion

of a given yield that produces blast, fragments, eto. When they impinge

upon some target structure (adjacent people, buildings, eta.) these effects

induoe certain consequences and losses (number of casualties, eta.). The

effects and losses may oobur with a range of possible magnitudes. The

losses may be treated as individual measures (numbers of fatalities,
injuries of specified severities, property damage), or they may be into-

grated into a single measure, such as equivalent dollars.

( MISHAP EVENTS MODEL

PRIARYNITIATED REACTION, CONTAINER FAILURE

EVENT* AND MATERIAL/ENERGY RELEASE

I CONSEQUENCES AND
LOSSES MODEL

PROPAGATION OF-- I STRUCTURAL/HUMAN CONSEQUENCES
EFFECTS RESPONSES IIAND LOSSES

* or Mishap Occurrence I

Figure 2. General Risk hstimation Process

The probability of occurrence of each event is then estimated, or, for

effects and losses, perhaps only an average magnitude or a "credible worst-

oase magnitude" may be estimated. The results say thou be combined into a
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risk . roiloe, such as to represented typioally by Equation I (assuming only
one kind of loss, say fatalities, in of interest). When it is adequate to

do so,(2) this is often compressed into a single expected lose measure,

which in merely the mean of the probability distribution equivalent to the

risk profile*

Probe (Lose at least x) 2 [Prob (Lose at least z Effect k occurs) a

Prob (Effeot k I Release of material or energy) 9

Prob (Release I Mishap type j occurs) o

Prob (Mishap type •J I Primary event i occurs) e

Probe (Primary event i)] (1)

The asterisk in the equation signifies a given unit of exposure for the

probability, as per year, per operation, etc. A vertical bar indicates that

the probability involved is conditional on the occurrence of the event

following the bar (and is read "given that"). As z is allowed to range over

its possible values the risk profile is built up, as shown in Figure 3.

Risk Evaluation and the Character of Risk Assessment Agplioations

Risk evaluation is concerned with considerations of the significance of an

estimated risk with respect to acceptability, and of ways to mitigate the

risk where this is deemed desirable. These considerations relate to a set

of possible kinds of applications of risk assessment, which perhaps may be

usefully defined in terms of the questions below.

(2)An expected value results from the summation of the losses from all

possible events weighted by their probabilities of occurrence. Thus,
a low probability-high consequence event, which may be of the great-
set importance to decision makers, may contribute only relatively
little to the expected loss. A hasardous activity could then appear
to be loes risky than another because its expected lose is lower but
could nevertheless entail a small chance of larger accidents and so
in fact be of greater concern. This gives rise to the need to con-
sider "the tail of the probability curve* as well as its expected
value, or mean, in assessing risks, and so motivates the development
of the risk profile.
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10 00
X*POSSIL LOSSo X

*e.g., per operation, per year etc., for given
hazardous activity

**:X is the expected loss (per operation, etc.),
the mean of the distribution from which the
risk profile derives

Figure 3. Illustrative Pisk Profile

o How safe is a particular hasardouc activity (i.e., what are its

risks)?

* How does this safety oompare with the safety of other activities?

_ How much additional safety could be attained for a given cost,

through some set of alternative modifications?

* How much would it cost to attain oeme required level of safety,

through some set of alternative modifications?

e Which would be the safest means of accomplishing a given objective

(e.g., transport of a given amount of an explosive material in a

year over alternative routes or by alternative modes or by alter-

native shipment saes)?

9 Central philosophioal issues is the estimated (perceived?) risk
"aoceptable"? What are ways of appraising this?
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THE APPLICABLE RISK STIKIATION NBTHODOLOGINS

four general risk estimation methodologies have so far evolved; statistioal

inference, fault tree modeling, analytical/simulation modeling, and sub-

jectlve estimation of risk parameters. (Subjective estimation is also

common in the development of inputs for the first three methodologiems.)

For the sake of brevity, the disoussion here of the four methodologies is

orientated primarily around their utility in the first phase of an ex-

plosives risk analysist estimation of the probability of occurrenoe of a

mishap while handling an explosive material or item. The determination of

the nature and probabilities of occurrence of an explosive reaction and its

possible effects (blast, heat, fragments, fire, etc.) is the subject of

other presentation& of this seminar and, for brevity, will not be considered

further. Neither will the determination of the possible losses that derive

from these effects (e.g., number of fatalities, injuries, property damage)

be treated here because this makes use of relatively familair techniques.

Statistical Inference

The most regularly employed procedure for estimating mishap occurrence prob-

abilities is that of statistical inference. However, it in direotly usable

only if an adequate data base exists, with significant sample sizes at the

various levels of the specific hasardous conditions of concern. Also, it

has to be able to be assumed that the past record satisfaotorily represents

(or can be modified so as to represent) what the future will hold.

In its basic form, the methodology of statistical inference assumes an

aotivity's mishaps occur independently and with constant probabilities and

develops estimates of those probabilities. The past record of such mishaps

provides the frequency of their occurrence over the record period and thus,

for instance, the frequency per year which is then extrapolated to future

years. It the frequency per operation is desired, the "exposure" in terms

of the namber of operations that was accumulated during the record period

must be known or estimated. The result is then an inference of the future

probability of occurrence of a mishap as the ratio of the frequency of
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I mishaps to the frequenay of operations. A confidence interval for the

inferred probability can also be established.

A number of important problems arise in this superficially simple process,
however. first, the estimation of the exposure requires that roeords on the
operations conducted with the explosive material are kept and are access-

ible. Such records are not generally available. Thus, estimates may have

to be made employing samples of operations data, often of uncertain accuracy

or even validity, with liberal judgmental interpretation.

Second, adequate data for a meaningful statistical inference may also not

exist on the mishap occurrences. This ti always the case for the rare,

potentially catastrophic events that are usually of greatest interest. If

the record of exposure (e.g., number of operations) is great enough it may

be possible nevertheless to estimate credible upper bounds on the probabil-

ities of such events, but these are often too conservative (that is, too

Large) to support practical decision making on the control of future activi-

ties with just as large or larger rates of exposure.

A third problem area in statistical inference is that of the "stationarity"

of the process giving rise to the mishaps. That is, it must be assumed that

the past record also represents the future (or it is understood how to

modify it so that it will). There are many reasons why this may not be the

case; e.g., if a mishap occurs once, significant actions will be taken to

decrease the chance of occurrence of such a mishap in the future. Or,

"familiarity breeds contempt," or at least lack of concentration, among

human operators so that the chance of a mishap where humans are involved may

gradually increase over time. An increase in mishap frequency my also be

due to wear of equipment under inadequate maintenance. The validity of

statistical inferences that do not, or cannot, reflect such considerations

is clearly questionable.

Overcoming fully in an explosives risk management system the problems that

have been noted, and others that could also be brought forward [7], is not

possible. But the situation can be improved by, first, making the un-

certainties that the inference procedure gives rise to me explicit as
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possible, so that the risk management system user can incorporate them in

his decision process. Second, steps for improving mishap and exposure

reoordkeeping procedures can be defined comprehensively, and carried out.

Finally, trend analysis methods can be applied to adapt the probability

inferences to the effects of non-stationarity and other dependencies in the

data.

Fault Tree Modeling

This approach synthesizes the possible sequences of events initiated by the

activation of some hazard (a "Primary Event") and culminating in a particu-

lar mishap or failure "Top Event" with potentially deleterious consequences

to people, property or the environment. Its application requires that all

possible event sequences (system failure modes) will have been tracked back

to their initiating primary events. To realize the full power of fault tree

modeling the probabilities of occurrence of the primary events and all re-

lated action initiations (e.g., a successful or unsuccessful conduct of a

corrective action) need to be estimated with adequate precision, and the

magnitudes of the consequences accurately predicted. If these requirements

are met a series of combinatorial probability calculations results in an

assessment of the probability of occurrence of a Top Event and its con-

sequences; i.e., the risk deriving from the hazards under analysis.

The principle difficulties with the fault tree procedure are the uncertainty

that all significant event sequences have been considered, and the acquiring

of sufficiently precise data for predicting, with reasonable accuracy, the

initiating and related action event probabilities. If, nevertheless, fault

tree methods can be applied, at least two important advantages not provided

by statistical inference methods would accrue. First, the input data

acquisition problem would be changed from that of obtaining meaningful

samples of mishaps for all sets of conditions of interest at the activity

level - to that of obtaining only primary event data, such as on specific

failure modes of specific equipments, or procedures. It is, of course,

recognized that primary event probability data generally still require stat-

istioal methods (and some subjectivity) to develop properly. What is empha-

sised here is that large enough sample sizes, even for different sets of
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conditions, are clearly much more easily and correctly developed for primary

Sevents than for actual mishap occurrences. While certainly not trivial,

this problem is at least possible to be solved from standard failure data

sources and, for activity-specific events, with appropriate recordkeeping

systems, experimentation, simulation and testing.

Second, fault trees lend themselves conveniently to the evaluation of the

effectiveness of given mitigating measures. Any such measure should be able

to be assessed through the changes that it would induce in the original

fault tree describing the mishap occurrence that it is intended to prevent,

or decrease the probability of. The evaluation of the effectiveness of

mitigating measures using statistical models currently requires highly, if

not entirely, subjective postulations of what the changes in the given

mishap records would nave been (and, it is presumed, would be in the infer-

ence for the future) if the mitigation had been in place during the period

in which the records were acquired.

To gain these and other advantages (7], fault tree modeling techniques for

explosives hazards analysis, especially, need to be deepened to better

reflect mishap dynamics, including human operator actions. Improved means

are also needed for acquiring activity-specific data on the probabilities of

primary events, including human failures.

Analytical and Simulation Modeling

Analytical and simulation modeling approaches to risk analysis begin with

functional descriptions of the activity or system under study. The oper-

ations of the system are then expressed in terms of appropriate performance

parameters that express the functions, and the interaction of the functions,

of system components (human, as well as equipment) and interfacing external

factors. The conditions under which mishaps and their effects occur are

associated with specific combinations of the values of these parameters.

Their probabilities of occurrence and the consequences of their occurrence

are then assessed by means of probability or effects formulas (in analytical

models), through numerical accumulations from repeated runs of system oper-
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atbon "scenarios" (in simulation models), or by combinations of both pro-

oedures.

The main problems with analytical models are the need for acceptable simpli-

fying assumptions that the derivation of their formulations usually require,

and of the related departure of their modeled factor*s from direct physical

signifioanoe. Simulations are better in these regards in that they usually

tend to replicate real-world factors in a fairly recognizable way. However,

to the extent that they avoid arbitrariness in their simplifications, their

complexity and computational requirements increase. The need to repeat many

runs of simulated operations in order to derive usable accident statisticn

(as in Monte Carlo simulations) exacerbates the computational require-

ments. Simulations are, therefore, expensive means for risk analysis (other

than in specific, and limited, data development support roles).

Analytical and simulation models are not usually appropriate for mishap

occurrence modeling, but are applicable primarily to assessments of mishap

effects and consequences. However, this will not be discussed further here.

Subjective Estimation

The most generally applicable approach to developing risk eatLmates is that

of subjective estimation by experts. These exports are assumed to be

sufficiently familiar with the detailed circumstances of operations similar

to those of interest that they can meaningfully extrapolate their experience

to now conditions, employing only their individual judgments, in combination

with those of the other experts as, for instance, in a Delphi procedure (8].

Subjective estimation in perceived as inherently a relatively low-confidence

risk analysis methodology. However, this perception amy be at least in' part

a result of the general lack of appreciation of the perhaps more subtle but

sometimas just as significant subjective elements of the other possible

methodologies. This has been evidenced to some extent in the proceeding

disoussions of these methodologies. Moreover, "engineering judgment" is

already the met employed nethod for at least categoriuing hasards in terms

of their qualitative, risk levels (expressing relative frequencies of occur-
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rence and relative severities or criticalities of possible consequences).

To improve the quantitative subjective estimation process should therefore

be a worthwhile endeavor, even if less formal procedures than, say, Delphi

are considered. How this might ba done in next briefly outlined.

Introduction to a Subjective Risk Estimation Process(a)

A Preliminary Hasard Analysis is first performed of the operations of a

j facility to itentify a set of possible mishaps that have some potential for

leading to explosions. Each mishap has some (unknown) probability of occur-

rence (ranging down, possibly, to very small values) each time the operation

during which it can occur is executed. For simplicity here, it is assumed

that for each mishap this probability is the same for any repetition of an

operation and that the occurrence of a mishap during any one such repetition

is independent of whethez! or nut it occurs in any other.

Each of a group of experts familiar with the operations of interest and the

bases for the identification of the subject se. of mishaps is now asked to

list the mishaps in descending order of their frequencies of occurrence per

operation.O He is then asked to judge how the frequency of the second

mishap in his list compares to that of the first, and state this as a

fraction, 02, less than or equal to one; how the third compares to the

second, giving a fraction, a3; t"e fourth to the third, o4C etc. Finally,

he is asked to give hie best estimate of the frequency per operation, f1, of

the first mishap on his list, the ono that he believes would occur most

often and thas the one whose frequency is easiest to estimate. Its occur-

renew may be a quite common event. (Recall that the mishaps of inter•st

have only some no• ntiol for loading to explosions; by no means are ex-

Splosions expected each time they occur. Such m,*haps may occur ordinarily

M (•basic process for mishap probability estimation is outlined here.
Variations on it, and similar processes for other risk faotors, can
also be oonsidered.

(4)Thi ~infor'mation is sometimes more jasily elicited in terms of the
number of times the expert expeots an opoeation would be executed
between mishap occurrences. The relative frequency estimates would

+. of course be the reciprocals of these estimates.
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but only rarely lead to explosions. The esti•.ation of the probability of an

explosion divan the occurrence of a particular mishap is a distinct problem

not considered in this paper; see however L3].)

In this way, each expert arrives at an estimate of the frequency of occur-

rence per operation for each mishap in the list: fl, f2 " o2r 1, fr

"C f2 3 o f 1 , etc. Note that this has beon accomplished with judgments

only of one relatively common mishap's occurrence frequency and of the com-

parative frequencies of successive pairs of mishaps with relatively similar

occurrence probabilities. The probabilities of even rare mishap occur-

rences, all but impossible to estimate in isolation, are thus able to be

estimated in a reasonable manner, a principal reason for the use of this

procedure. A simple illustrative example of the technique that has been

outlined is given in Figure 4.

For each mishap, the median (used as the output point estimate) and lower

and upper extremes (used as subjective confidence bounds) of the estizates

of its frequency of occurrence per operation by the several experts can be

determined. If the spreads between the extremes of the estimates for some

mishaps are deemed excessive, the process that has been described can be

iterated by having the group reconsider togetaier the reasons for the differ-

ences in the mishaps listing orders and comparative frequency estimates of

the several individuals, and then, again as individuals, make such changes

as then seem justifie4 in the lists and estimatee.

The result is the group's overall best point estimates (the median values)

of the identified mishaps' probabilities of occurrence per operation, and

also the ranges of uncertainty that should be considered in the use of these

estimates as a complete risk analysis proceeds. (These ranges can be con-

verted into uncertainty distributions, if desired, to oupport the derivation

of uncertainty distributions for the ultimate overall rick estimatea.)

APPROAC•{•S TO RISK EVALUATION

Given a set of risk estimates, the problem remains of how judgments can be

made on whether a calculated risk level for a given hoasidous activity is
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sufficiently low for the activity to be instituted or continued, or whether

mitigation measures may be needed. The proper selection of the most oost-

effective such measures is then also of conoern.

Risk Acce.tability Ivaluation

While no single approach has yet been established that enables a universally

appreciated evaluation of the acceptability of the risk of a hasardous

activity, a number of attempts have been made to develop such an approach.

These are discussed here in three classes: comparisons to "aabioent"/his-

torical risks, comparisons to risks of equi-benefit alternatives, and

balancing of risks and benefits.

Comparison to Ambient/Historical Risks - In 1969, Chauncey Starr [9]

published the first of many articles on public risk acceptance in relation

to benefits, as revealed by historical data. Expeated fatalities per hour

or per year, per individual in various groups exposed to potential accidents

and other deleterious factors, and due to voluntary or involuntary hasardous

activities, were estimated from past data and compared to assessments of the

benefits accruing from these activities. Starr found historical levels of

risk acceptance increased in proportion to the cube of the increase in bone-

fits, and that voluntary acceptance levels were about three orders of magni-

tude greater than involuntary acceptance levels. (These particular con-

clusions have since been disputed. However, StarrOs general demonstration

of the dependencies of the level of risk accepted on benefits and on whether

the acceptance is voluntary or involuntary is not questioned.)

Starr's concepts have boon extended by many others in attempts to establish

numerical acceptable risk levels for hazardous activities that provide

specific benefits or meet specified societal needs. These numerical levels

may also reflect the confidence in the risk estimates that are evaluated.

Risk Cornarisons of Equi-Benefit Alternatives - A second risk acceptability

evaluation approach is the standard operations research technique of as-

suming some aotivity must be put in place to satisfy a specific need, and
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( then establithing which alternative means of implementing it would give rise

to the least risk. This minimum risk is then 'acceptable," by definition.

Balancini of Risks and lenefits- Quantitative procedures exist for express-

ing the risks of a hasardous activity, as well as its benefits, in common

economic terms, e.g., present value dollarse. Hovever, these procedures

generally entail assuming a "value-of-a-life" (or of an injury or health

insult), and this has been a diffto atlt feature of the analysis to have

agreement on. If it could be agreed to, it could then be argued that a

hasardous aotivity was acceptable if the potential losses expressed by its

risks are less than the dollar value (or a given fraction of this value) of

its benefits.

Evaluation of Possible Mitigation Measures

Mitigation measures may reduce the risk by reducing the probability of

occurrence of a mishap and/or by reducing its consequences should it

occur. Mitigation measures may be procedural changes, equipment or facility

design changes, or ohanges in the locations of the explosives whose presence

and handling induce the risks.

Coet-Effeotiveness of Alternatives - When evaluating alternatives for risk

mi'gation one first compares their effectiveness in terms of reduction in

the estimated risk. Effectiveness can be measured in a variety of ways,

such as the expected number of lives saved, the reduction in expected

property damage, expected mission delay avoided, or, in more complex in-

vestigations, differences in selected characteristics of complete risk pro-

files. The cost of each alternative is next determined. Usually, the miti-

gation which provides the greate3t effectiveness within an allowable cost

budget, or the mitigation which provides a required level of effectiveness

at the lowest cost, is then selected (see Figure 5a). In some cases, the

mitigation that provides the most effectiveness per dollar (i.e., has the

highest effeotiveness-to-cost ratio) may be preferred.

Cost-Bonefits of Alternatives - If the effectiveness of the alternative

mitigations is first expressed as equivalent expected dollar losses avoided,
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which in generally termed "ubenefit$" then the preferred alternative is that

one whose benefit most exceeds its cost in common dollar toerm (see figure

5b).

THI TRUTMENT Of UNCERTAINTUS

There are four general techniques available for the treatment of uncertain-

ties. The four techniques aret

e The development of statistical bounds (when statistical estimates

are involved).

s The establishment of subjectively-derived bounds; i.e., the
f

employment of Judgment to appraise the credible ranges of

variation of the estiaates.

e The conduct of parametric sensitivity analyses; i.e., the re-

calculation of the output estimates as the input factors are

allowed to vary over their ranges of uncertainty. Monte Carlo

techniques may be employed, or, when computing requirements would

be excessive, only selected values (e.g., nominal and worst-case

values) from the input uncertainty ranges might be considered.

s The carrying out of parallel analyses and peer reviews. Risk

t analyses should always be at least carefully reviewed by inde-

pendent analysts, given the analyses' inherent uncertainties and

subjectivities. When resources permit, two or more independent

i •analyses should be executed in parallel, and their results com-
pared. The results will help to define the ranges of uncertainty

that can exist in the results. They will also help to decrease

the uncertainties and raise the level of confidence that can be

held in the results in areas where reasonable agreement obtains.

Primarily, thes techniques can provide means for illuminating for a

decision maker the possible ranges of variation in the risk estimates (and

the cost and any other estimates, as well) he must deal with. They produce
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oonfidenoe limits or othelr definers of the uncertainty ranges ot the outputs

ff the estimation process$., The decision maker san then consider whether and

how the potential variability in the ostinates might affect his preferences.

The application of these techniques, as appropriate, may also help to reduce

uncertainties by identifying where they are most significant in a decision

analysts, and ,otivating thereby additional investigations of the factors

from which the ignifinant uncertainties arise.

CONG WUSIONS

Risk analysis is a potentially important component of explosives risk man-

agement systems. Its main elements are:

1. The structuring of the problem, which includes selooting a method

of analysis consistent with the characteristic, of the hasardous

activity or system of concern, the availability of data, and the

needs and resources of the risk manager involved.

2. The estimation of the relevant risks (i.e., the probabilities of

the consequences of all significant undesired events, with and

without mitigating measures).

3. The evaluation and interpretation of the estimated risks, to

result in the acceptance of a risk or the recognition of a need

for risk reduction measures.

However, muoh must yet be done towards the reduction and/or better ezpo-

sition of its anoertainties, so as to enable risk analysis to be as useful

as possible in explosives risk management. A primary impediment to its

successful implementation is the inadequacy of the data base for risk .sti-

mation--in both scope and detail. Fishap data are spares. Also generally

inadequate are operations records as sources of exposure data. Thus, pure

statistical inference methods of risk estimation are not promising. (Some

augmentations may be fessible, however [7].)

Mi

-
0



For fault tree methods, failure rate data on the equipments involved in the

handling of explosive materials are also generally not available. Moreover,

it is not yet possible to quantify very satisfaotorily the extent to whioh

errors or other variations in the porformanoe of operating personnel affect

the probabilities of mishap oocurrenoe (although this is reoeiving consider-

Oble study by the nuclear power industry and the Nuolear Regulatory

Commission).

Analytical and simulation models apply primarily to the effects and con-

sequences factors in explosives risk estimates and have not been discussed

in this paper. However, they are the subjects of other papers presented at

this Seminar.

A structured subjective estimation process has been introduoed that is a

straightforward evolution from the judg•ment-based, qualitative hazards rank-

Lng procedures already employed in explosives safety management. t can

enable the development of numerical risk values and some appraisals of their

unoertanties for use in probability-based risk decision making.

A most controversial aspect of risk management is the evaluation and inter-

pretation of the estimated risks. There in a lack of concurrence on the

factors that should be included in the judgments that must be made. In

addition to the relevant estimates of hasardous activity risks and miti-

gation effectiveness and cost estimates (incorporating assessments or their

significant uncertainties), mission importance considerations, and socio-

political risks can be of concern. The implementation in risk management

systems of such evaluation approaches as have been noted in this paper can

help to illuminate the judgments that must be made.
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RISK ANALYSIS FOR EXPLOSIVES OPERATIONS
LT COL ALAN C. GRAHAMr JR.

HO AIR FORCE INSPECTION AND SAFETY CENTER

In order to be of any military utility munitions must be
placed at the intended point of use in the quantity necessary
and within the time constraints of the situation. For most Air
Force applications, that means on an aircraft ready for launch
or, at the very least, on the base of intended use. However,
many bases, particularly overseas locations, have limited cap&-bility because land and money are not available to construct

enough munitions storage and operating facilities to meet all
operational requirements. In addition, traditional philosophy
emphasized "absolute" levels of safety. As a result, combat
units must rely on centralized storage ammunition areas in
overseas theaters of operation and CONUS storage for the bulkC of their conventional wartime munitions requirements. In a
short notice conventional conflict, these assets may have no

C' utility because they will not be available during the first
crktical days when they will be needed most.

Eighteen months ago, the Air Force Sa y Center decided
that our conservative safety standards and our traditionally
conservative interpretation of those standards prevented maxi-

.: mum or effective use of existing facilities, and were a
or'. strongly negative influence on readiness and combat capabil-

ity. We initiated steps to test our existing criteria and to
eliminate restrictions which did not provide a measurable
increase in the level of safety. One of our more successful
efforts was the distant runner test which is a discussion topic
for another session during this seminar. In spite of these
efforts to define appropriate levels of risk, there are still
many cases where immediate operational needs cannot be met
using established safety criteria, and waivers to that criteria
are necessary to meet mission requirements. In the past,
requests for waivers were accepted as a. routine fact of life
and no indepth analysis was conducted to quantify the addi-
tional risk the proposed procedure presented. As a result,
some units accepted high levels of risk for marginal increases
in capability. To correct this, we proposed a methodology for
risk management to provide commanders with a more definitive
assessment of the potential effects of a mishap on their
operations.

If we are to become more accurate in assessing operational
risk, we are forced to logically pursue the definition of the
mission. Exactly what are the elements, that is, the people,
equipment, facilities, and operations, that constitute the
mission, and what are the specific conditions under which they
will operate. Based on this definition of the mission, it is
possible to identify hazards and factors or conditions which
can generate hazards or result in a mishap. We are perhaps,
most familiar with this process in its application to hardware
systems safety. Preliminary hazard analyses, fault trees,
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failure modes and effects analyses, and other similar systems )
analysis techniques are used to examine the systems, sub-
systems, components and their interrelationship as well as
human factors which affect safety. These analytical tools were
developed to assure that no stone remained unturned in the
quest to assure adequate design and operational safety. No
less rigorous approach is warranted for the risk analysis of
explosives operations.

Risk is an expression of possible loss in terms of mishap
probability, mishap severity and mission exposure. While there
may be such a thing as a risk-free environment, for all prac-
tical purposes, a given level of risk exists in all situa-
tions. Whether that level of risk is "acceptable" is a purely
managerial decision, and the Air Force explosives safety stand-
ards published in APR 127-100 represent DDESB and USAF manager-
ial decisions on acceptable levels of risk for normal munitions
operations. However, commanders at all levels must make this
managerial decision each time they face the safety-operational
necessity confrontation.

Operational necessity cannot be separated from a discussion
of risk because it is the factor which may cause a commander to
"accept" a greater level of risk than is normally allowable.
For example, the need for faster aircraft refueling and reload-
ing during combat mandated these operations be conducted
simultaneously which is normally prohibited. The Air Force
conducted detailed systems safety engineering analyses (or
SSEAs) of the simultaneous operations and developed procedures
which represent an acceptable wartime risk. Because we had to
be able to train in peacetime using these procedures, the
analyses also addressed specific hazard abatement techniques
and procedures necessary to limit risk during practice opera-
tions. As a result, we are able to simulate our wartime proce-
dures more precisely and will be better prepared for combat.

Each one of us quantifies risk and makes many risk analysis
decisions each day of our lives. Most of them are intuitive,

* almost reflex decisions, and the fact we are all still here is
witness to the marvelous success rate we all enjoy. These

* individual risk decisions we all make impact few people other
than ourselves. However, when we are dealing with explosives
operations, the hazard, and the people exposed to that hazard
may be multiplied manyfold. We can ill afford to rely solely
on intuitive judgment in these risk decisions. We proposed
this generalized risk management model to help commanders and
safety staffs develop more methodical analysis techniques. The
key to using this model is the accurate identification of the
three elements of risk: mishap severity, mishap probability,
and mission exposure. Let's take a brief look at these factors
in relationship to explosives operations.
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It would be convenient, even comforting if we were able to
come up with a neat, mathematical relationship between these
three elements of risk so we could plug in the numbers and
crank out a solution that could be compared against a standard,
acceptable risk. There have been several efforts to use this
type of relationship. As an example, during the combat turn-
around SSEAs we assigned hazard severity and hazard probability
factors as shown on the chart and used simple multiplication to
determine which hazards needed to be controlled. The standard,
acceptable risk index was 8. Risks, even category I hazards,
were acceptable if the probability was low enough. While this
was a convenient decision tool, the probability index was often
based on "soft" numbers, not hard, engineering data. In prac-
tice, we still must rely on subjective judgment to a great
extent, but the proposed model allows greater objectivity and
provides clues to areas where risk can be minimized.

Mishap severity can be thought of as the resultant damage
that can be expected if the maximum credible event occurs and
this damage is normally quantifiable, such as aircraft damaged
or destroyed, people injured or killed, or facilities damaged
or destroyed.

As an example, this is a map of a combat turnaround area.The area consists of nine aircraft parking spots with an explo-
sive limit of 2344 lbs NEW each, and four service alleys which
are used to preposition equipment and munitions with an explo-
sives limit of 4688 lbs NEW each. Each spot is separated by an
ARMCO revetment barricade to prevent simultaneous detonations
of explosives from one potential explosion site or PES to
another PES. Because the sites are so close together (K1.25 in
this case), aircraft in adjacent cells will suffer various
degrees of damage from elight to total destruction from the
initial blast overpressute depending on the distance from the
PES. Although simultaneous detonation would be prevented by
the barricades, the resulting fuel fires may cause propagation
of the explosion.

As you can see on the map, there are a large number of
facilities located within the 1,250 foot minimum fragment
hazard distance of the PES. These facilities house a wide
variety of operations ranging from the squadron operations
building to the flightline dining hall. For each facility we
can compute the maximum expected blast overpressure and the
resultant damage expected. For example, this is the dining
hall. It is a wood frame structure located 450 feet from the
PES. There is unbarricaded line of sight from the PES because
of this entry road through the ARMCO revetment wall surrounding
the parking ramp. At this distance (a K-factor of about 27)
the expected overpressure would be 2 PSI. Personnel located in
the building may be injured by direct fragments or secondary
fragments such as broken glass or building debris. The build-
ing 'will receive minor blast damage, including broken window
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glass, and direct fraguent damage. For the limited quantity of
explosives at the PUS, the risk of personnel injury or facility
damage due to low angle, high speed fragments can be reduced by
construction of barricades at the dining hall. We would recom-
mend the use of barricades in this case even though we obtain
no reduction in the safety distance by their use. Note that
many essential facilities are already barricaded to provide
protection from enemy attack. It is convenient that these bar-
ricades can also protect us from inadvertent explosions of our
own munitions.

Let's take a brief look at mishap probability. Although
soft values were often used during SSEAs, we can arrive at some
"hard" mathematical values here. Before a munitions item is
accepted for use, the Air Force conducts an extensive safety
analysis to identify failure modes and effects, single point
failures, safe delivery parameters and so forth. In general,
this review assures that the probability of inadvertent detona-
tion of any munitions item is very remote; less than one in a
million. However, we must insure that, in planning munitions
activities, the apet ational procedures developed do not inten-
tionally or unintentionally defeat design safety features.

Now, in general, the explosives safety standards do not
recognize probability--or rather they are based on a probabil-
ity of one that the maximum credible event, a high order deto-
nation, for example, will occur. The notable exception to this
is the use of public traffic route distances of 60 percent of
the inhabited building distances based on the transient nature
of the exposure. We were recently successful in our arguments
before the DDESB that a similar case can be made for the tran-
sient exposure of aircraft on a taxiway or runway. Our goal in
this case is to prevent damage to the runway or taxiway, and
distant runner showed us K4.5 provided this level of protec-
tion. The previous criteria were K-30. If the commander is
willing to accept the very low probability that aircraft will
be on the taxiway at the exact moment of detonation, a large
area is freed for storage of munitions. We believe wider
acceptance of transient exposures and mishap probability is
necessary in order to meet operational needs and maintain
acceptable safety standards. Probability is widely used as a
management decision tool in aircraft design, and its further
extension to the explosives community is the next logical step
in our evolution from black powder safety.

These three factors then combine to define the specific
level of risk for a given situation, and the commander must
answer the tough question "Is this level of risk acceptable?"
If the risk analysis is thorough, this answer can be based on
much more than mere intuition. That may not mean the decision
will be any easier to make, but at least the commander will
have a better understanding of the effects of the decision.
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Once the decision is made, the model leads us to actions
required. If the risk is acceptable but current standards are
not met, a waiver or deviation request must be prepared forapproval by higher headquarters. This merely formalizes and
documents the decision process and using the model from the
start simplifies this paperwork significantly, If the risk is
unacceptable we must eliminate or reduce,"the risk, by modtfyin.
the system, using an alternate system, or canceling the
operation.

In our combat turnaround example, tha commander decided to
evacuate nonessential personnel from the area of the operation
and to prohibit passenger terminal operations while thee combat
turnarounds were in progress. Although. a waiver was ctill
required, the risk was significantly !.educed. It is often hard
to get the point across that waivers, deviations and risk
assessments don't make things any safer, they just help us
understand our weakness more completely. This greater level of
understanding, however, allows us to focus our attenti'on and to
take action to prevent accidents caused by those weaknesses.

In the final analysis, the goal of risk analysis for explo-
sives operations must be to provide the maximum operational
capability within acceptable (not minimum) levels of risk. For
too long, we in weapons safety have been a negativa factor,
only telling commanders why they could not conduct their opera.-
tions. Risk analysis offers us the opportunity to be an active
driving force by showing the commander how to do the job better.
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• •_ BUILDING DAMAGES DUE TO AIRBLAST FROM AN ACCIDENTAL EXPLOSION

by

SHansjdrg Rytz
Defense Technology and Procurement GroupI--w of the Swiss Federal Department of Defense

Technical Division 6
CH-3602 Thun / Switzerland

0
0

S • BSTRACT

his paper describes the effects of airblast on buildings caused by an acciden-
tal explosion of about 1000 kg of a gelatine explosive in a Swiss explosives fac-
tory. The location of the detonated explosive charges and the course of the ex-
plosion are briefly summarized. The evaluated building damages are described and
compared with damage criteria given in the literature. The location of persons
at the time of the explosion is shown, and their injuries are described. The ap-
pendix contains photos of typical building damages and a checklist that was used
to record building damages.

•t

Paper presented to

Twentieth Explosives Safety Seminar, 24 - 26 August 1982
The Omni Hotel, Nurfolk, Virginia, USA
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INTRODUCTION

On February 1st in 1982, an accidental explosion involving about 1000 kg of ex-

plosives occurred in the "Cheddite AG" explosives factory at Isleten, Switzer-

land. Two persons were killed and a number of employees suffered light injuries.

The factory, founded in 1873 by the Alfred Nobel Society on the occasion of the
construction of the Gotthard railway tunnel is located at a remote place on the

shore of Lake Lucerne.
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The factory encloses nearly 100 buildings which can roughly be divided into the

divisions shown in figuro 1.

The extensive damage to the buildings was registered and analyzed by the Swiss

Defense Technology and Procurement Group. The primary goal of the investigation

was to get first-hand and detailed information about the effects of airblast on

buildings. This information is used to improve the basis for the quantitative

damage prediction in risk analyses. In Switzerland, such risk analyses are per-

formed for the purpose of safety assessment for all military ammunition storages

and factories.

ORIGIN AND COURSE OF THE EXPLOSION

The explosion occurred in a mixing building, shown in Figure 2, in which the com-

mercial gelatine explosive Tltadyn 45 had been mixed.

As far as it is known from the official investigation, the explosion started when

a person (A) was pumping a mixture of 49 % nitroglycerine, 47 % nitroglycol and

4 % Dinitrotoluol (DNT) from a vessel mounted on a small electrically operated

car into a mixing and kneading vessel inside the building. The most likely ini-

tial event was the explosion of a few kilograms of this mixture which were left

in the vessel of the car. In a second step, the explosion propagated to a con-

tainer with 400 kg gelatine explosive Titadyn 45 standing outside the building.

Then it propagated to the two vessels inside the building, one containing about

100 kg of the mixture of nitroglycerine, nitroglycol. and DNT, the other one con-

taining 400 kg gelatine explosive Titadyn 45.

For the purpose of the evaluation of building damages due to airblast, the TNT

equivalent of the multiple explosions is estimated to be about 1000 kg.
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Figure 2: Horizontal section and photos of the mixing building in which the
explosion occurred

OBSERVED BJILDING DAMAGES

The evaluation of the building damages was performed in order to get additional

information for damage prediction models used in preliminary risk analyses. For

this purpose simple and easily applicable models are required which enable a

simple and reliable assessment of estimated building damages. Therefore, no dis-

tinction was made between buildings of different construction types, age, etc.

In addition, the damage description was simplified by defining five representa-
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tive damage categories (see Table 1). These definitions closely correspond to
those in similar investigations found in the literature. In the appendix, illus-
trative examples are given for the damage level of each indlvidual category.

Damage Category Description

A building totally demolished and collapsed

B damage beyond repair and requiring demolition

C seriously damaged; requires extensive repairs before
reusable for any purpose

D Slight damage to windows, glass panels, doors and
roofs

E Minor damage to glass or miscellaneous small items
(similar to damage caused by strong wind)

Table 1: Definition of damage categories

The damages recorded for more than a hundred buildings were classified according

to these five categories. Since the mixing building was almost completely sur-
( rounded by earth barricades, the debris throw from building and crater did not

significantly contribute to the damages. Therefore, it can be assumed that prac-

tically all building damages were caused by the effects of the airblast only.

Figures 3 and 4 show the results of the classification of the building damages:

I
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In Figure 4 the damage categories of the investigated buildings are plotted

against their distance from the center of explosion.
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levels are usually not relevant to injuries of persons, this inaccuracy is of no

importance for risk analyses.

EFFECTS ON PERSONS

At the time of the explosion, 39 persons were present at a distance of about

200 meters around the explosion center. 34 of them were inside buildings and five

in the open.

Figure 5 shows the positions of these 39 persons at the time of the explosion.

Besides the two persons who were working in the exploded mixing building and who

were killed instantaneously, only one employee walking at a aistance of about

35 m (p t 1 bar!) was injured significantly. He was thrown away by the blast

wave and suffered a shock and a few minor wounds. He was hospitalized for two

weeks. About ten persons in the range of 40 to 200 m were slightly harmed by

glass fragments. The rest of the staff was not injured.

COMPARISON WITH EXISTING DAMAGE CRITERIA

The most essential factor for the risk to which persons inside buildings are ex-

posed usually is the behavior of the structure, i.e. whether it collapses or not

(limit between damage criterion A and B). This statement can be illustrated by

the heavily damaged, but not collapsed building number 20 (see Figure 5), where

three persons were working. All of them were only slightly injured by gldss frag-

ments. The inspection of this building showed that a slightly stronger airblast

would have caused the collapse of the ceiling which was already half a meter be-

low its original position. A collapse would have killed the three persons instan-

taneously.

7
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Figure .5: Position of the exposed persons at the time of explosion
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Damage category A, being the most important one, has been chosen for comparison

with dan':ge criteria from the literature. The following damage criteria found in

the literature were selected for comparison:

a) Jarrett (Ref. 2, 1968) gives the following relationship for "almost complete

demolition":

r 3.8 " W 1/3

(11(1 +(1180-)2)

r (distance in m) W (charge in kg)

The investigation of Jarrett is based on the evaluation of several acciden-

tal explosions.

b) Wilton (Ref. 3, 1966) (and various other authors) take the incident over-

pressure as the characteristic value for building damages.

Total demolition of average inhabited buildings occurs at

p 0.4 bar

The investigation of Wilton is based on nuclear and large high explosive

tests.

In Figure 6, the damage criteria of Jarrett and Wilton are presented in form of

the well-known p-I-diagram (pressure-impulse diagram):
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Figure 6: Damage criteria of Ja~rrett and Wilton for total. demnolit ion
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For a charge weight cf 1000 kg, the criterion of Jarrett leads to a radius of

total demolition of 28 m. The criterion of Wilton, however, leads to a radius of

55 m. These values are shown in the map of Figure 7:

dtawmage t.1 o A

S•I • ummqm elorAte VA

Figure 7: Outer limits of damage category A

As Figure 7 shows, the damage radius predicted by Jarrett closely corresponds to

the actually observed damage, whereas the prediction of Wilton strongly overesti-

mates the effects. The reason for these differences is that for small explosions

the impulse is the important factor for the collapse of the building and not the

pressure (see Figure 6).

SUMMARY AND CONCLUSIONS

On the occasion of an accidental explosion involving about 1000 kg of gelatine

explosive in a Swiss explosives factory on February 1st, 1982, an extensive in-

vestigation of the damage on buildings by alrblast was performed. The primary

goal of this investigation was to improve damage prediction models for the pur-
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pose of risk analyses of explosives and a&munition factories. In the course of

this investigation the following conclusions were drawn:

-The risk to persons inside buildings due to an airblast is determined by the

fact whether the building can withstand the blast load or whether it will col-

1 &a,,;se.

In predicting the possibility of collapse, the peak overpressure or the im-

pulse can be of importance. The impulse criterion is important for relatively

small explosions, whereas the peak overpressure criterion is valid for large

explosions only.

- The observed damages to buildings show a considerable scatter. This is due to

differences in construction types, age, height, form, etc.

- The experience collected from this explosion is only a drop in the bucket. It

does not allow to draw new conclusions with respect to damage prediction mod-

els for buildings. However, it has clearly shown that a systematic collection

of data on building damages could lead to improved prediction models in the

future. qesides an evaluation of explosion events in the past, it would be

most beneficial to collect all information on building damages and the effects

on persons as well as on explosives or other substances (propagation) from

future accidents (see Appendix). The evaluation of actual accidents is still

the best starting point to improve the safety in the explosives industry.
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APPENDIX

EXAMPLES FOR BUILDING DAMAGES

CHECKLIST TO RECORD BUILDING DAMAGES
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DAMAGE CATEGORY A

Building Nr. 23

Distance from
source:
r=17 m

Incident over-
pressure:
p = 2.5 bar

Incident impulse:
i = 15 barimsec

Building Nr. 22

r = 26 m

p = 1.7 bar
i = 10 bar'msec
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DAMAGE CATEGORY B

Ak. •Building Nr. 20

r: 46 in

p = 0.55 bar

i = 6 barnmsec

Building Nr. 72

r 72 m

1 4 bar-rnsec
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DAMAGE CATEGORY C

Building Nr. 19

r= 78 m

p = 0.23 bar

= 3.7 bar'msec

Building "Scheune"

r=105 m

P= 0.15 bar

= 2.8 bar~msec
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DAMAGE CATEGORY D

Building Nr. 29

r =98 m

p =0.17 bar

i = 3.0 bar-msec

Building Nr. 67

r =183 m

p = 0.075 bar
i = 1.6 bar-msec
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DAMAGE CATEGORY E

Building WC

r. = 62 in

p =0.32 bar

1 4.7 barinsec

Building Nr. 53

r 215 in

p = 0.06 bar
1 1.45 bar-msec
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CHECKLIST TO RECORD BUILDING DAMAGES

Place of Explosion:

Date of Explosion:

Estimated Charge Weight:

Building Nr.:

Photo of Location with

Damaged Building respect to Explosion

Description of Type and Construction of Building:

(

Description of Observed Damage:

Description of Injuries to Persons present during the Explosion inside and
around the Building:

Description of Operation Performed during the Explosion:
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MODELING DEBRIS EFFECTS PRODUCED BY A HIGH YIELD EXPLOSION

A. Longinow* T. E. Waterman** H. S. Napadensky**

ti• on the objectives of the study (4ef) ? on which this paper is based

were determination of the combustible/noncombustible makeup and the distribu-

Stion of debris piles that would be produced in an urban area subjected to a

0 nuclear weapon attack. This paper describes the method used in meeting these

o objectives and illustrates its application by means of an example problem,,.,
THE DEBRIS PROBLEM

Debris, as defined here, is material translated by the blast from a nuclear
explosion. The sources of debris are varied and depend on the local area.

Most debris comes from objects broken apart by the blast, such as buildings,

garages, fences, utility poles, trees, shrubs, cars, etc., also, whole objects

such as gravel, picked up and transported by the blast wind. Such material can
cause casualties and damage to facilities as a result of high energy impact and/

or accumulation. Debris accumulations in streets can impede or prevent rescue

operations and can also be a source of fuel for the spread of fires.

Knowledge of debris hazards is important to the civil defender who must

identify areas where shelters can be sited and develop rescue plans, firefighting

activities and debris clearance operations. This knowledge is important for

the planner of critical facilities to design and site his structures sufficiently

far away from potential debris sources.

Debris profiles in the direct vicinity of any given building will depend

on certain characteristics of the neighborhood, i.e., types of neighboring
buildings, their strengths, relative positions, separation distances, sizes,

and contents. Direction, distance and intensity of blast also must be known.

• Department of Civil Engineering, Illinois Institute of Technology, Chicago,
IL 60616 (Formerly Department of Civil Engineering, Valparaiso University,
Valparaiso IN 46383)

• IIT Research InstitutefiT ISEAICH INSTITUTE( Chicago IL 60616 !
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A building which does not fail while other buildings in its vicinity fail

catastrophically may serve as an accumulator for some portion of upstream debris.
The debris will pile up on ite windward side and possibly inside the building it-

self. Should this building contain a basement shelter with an air intake located

at ground level on the windward side, debris accumulation could block the vent.
Also, depending on the composition and state (burning, smoldering) of this debris,

the shelter may fill with toxic gases and smoke, and the shelter building may be

ignited.

The local composition of a debri's pile depends on a number of different

parameters. Among these are the flight characteristics of individual itenms of

debris and the extent to which they interact with each other while in transit.
At a given accumulator, the debris from an upwind building may be segregated;

with light, combustible debris at the bottom and heavy combustibles intermixed
with noncombustible debris at the top of the pile. One can also postulate a

situation in which the debris from the brea"'vp and contents of a building are

essentially segregated in terms of combustibles and noncombustibles.

Parameters that need to be considered in a local debris distribution analy-

sis of a single building or group of buildings can be categorized as:

1) Building and neighborhood geometry (building heights, plan areas,
separation distances, etc.)

2) Loading on building components and contents.

3) Failure characteriscics of building and components (failure modes,
failure loading, time to failure)

4) Physical characteristics of debris (size, shape, weight)

5) Aerodynarmic characteristics of debris (drag and lift coefficients)

PREVIOUS WORK

"Debris production and distribution" has received a fair amount of atten-
tion among the agencies concerned with different aspects of this subject area.

Experimental (field) studies conducted over the past-two decades have dealt

with the fracturing and destruction of individual buildings of brick, concrete

masonry and wood framed construction, free standing masonry walls with and
without mortared joints, trees, cars, special structions and equipment, etc.

(Ref. 2 through 9). No field test work has been done on gro~ipL of buildings

representing urban or suburban blocks or neighborhoods.
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Concurrent with field studies, debris-related work was conducted in the

laboratory using various shock tubes. The URS shock tunnel has been used ex-
tensively in the civil defense area to study the fracture strength of conven-

tional masonry walls having various perimeter conditions.

Concurrent analytic studies in the civil defense sector have dealt with the

gross distribution of debris, taking into account large urban areas and numerous
building types (Ref. 10, 11), debris clearance studies (Ref. 12,13), debris
formation and translation (Ref. 14, 15, 16). Comparatively little work has
been directed at the combustible/noncombustible distribution within debris piles.

PREDICTING THE DISTRIBUTION OF BLAST-INITIATED DEBRIS

Loadina and Response Analysis - The analytic ; rocess for determining the "inci-
pient collapse" of a building and the corresponding debris characteristics is
illustrated in Figure 1. 'It is described as follows:

Given a nuclear weapon attack condition, the first step is to determine the

free field airblast environment at the location of the building. In this step
the ideal airblast wave is mudified by considering the influence of local ter-
rain features such as neighboring buildings or other obstructions. Pressure-
time histories acting on the external portions (walls, doors, roof, etc.) of the
building a i . ed uy 4.rther ayodifying the local blast environment as in-
fluenced by the buýiiding geometry.

Buildings contain numerous openings (doors, windvwsý': therefore, the

building will be subjected both to external pressures and iierhal 7'1l1 pre'-

sures as the blast wave progresses through and engulfs the building. A method
for determining average fill pressures and flow velocities in rooms having
simple geometries is given in Ref. 14.

Having determined the time dependent net loading on the building and on

its individual components, the next step involves a structural response analysis.

Buildings consist of closed networks of beam, column, and plate elements.
Analysis of the structural, dynamic response of such a network as a continuous

structure Is currently a practical possibility only for sufficiently simple

geometries and loading; then only if elastic response is sought. For thib rea-
son, and in order to produce usable results in the shortest time, the building
analysis process is generally a step by step procedure which considers only
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the dominant modes of response and relies heavily on experimental data. In

this approximate approach, the building is decomposed into its principal and
subsidiary components. Subsidiary components are those which do not affect the
response of the building as a whole to any significant degree, but which are
still debris-producing. These are handled separately. The principal components
are loaded using the net, time-dependent loading determined as described pre-
viously. Support conditions are approximated to correspond to those of the
actual, combined structure. The response analysis proceeds on a component by
component, time step by time step basis. Since the loading acting on each com-

ponent in this chain depends on the net loading and response of adjoining compo-
nents, the analysis is necessarily an iterative procedure as indicated in Figure 1.
The end result consists of a debris catalog containing the size, weight, original
location, etc. of each debris piece to be used in the transport-trajectory analy-
sis.

Relationship of Debris to Building Damage - Unless a building is completely des-
troyed, only the parts of the structure that fail under blast loading (plus the

contents of the failed part of the structure) become debris. Except for wood-
frame and load-bearing masonry buildings, many buildings have relatively light
walls and partitions that will fail at a much lower overpressure than the frame
itself. Figure 2a is a typical "debris chart" (Ref. 11). Points 1 and 2 are
the initiation and completion, respectively, of failure of frangible (diffrac-
tion phase sensitive) elements such as panels, doors, suspended ceilings, etc.
The location of these points is relatively independent of weapon yield. The
plateau from point 2 to point 3 is caused by the difference in overpressure be-
tween the final failure of the frangible parts of the building, and the start
of failure of the drag-sensitive (ductile) portions of the building. The loca-
tion of points 3 and 4 is determined by the failure characteristics of the main

structural system, point 3 representing the overpressure at which elements of
-! •the main structural system would begin to fail, and point 4 representing the

overpressure for complete destruction. The location of points 3 and 4 is
weapon yield sensitive. Figure 2a shows the pattern for a multistory frame
building for both 1-MT and 25-MT weapons. The height of the plateau is deter-

mined by the portion of the total building represented by the frangible parts
and the contents of the above-ground floors.
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Wood-frame and masonry buildings have very little ductility and points 2C and 3 practically coincide, eliminating the plateau effect. Figure 2b is a
debris estimate for wood-framed residential buildings. Debris begins to form

at about 2 psi and the building is completely collapsed at 5 psi. Load-bearing
masonry structures may fail at somewhat higher overpressures but the debris
chart looks very much like that shown in Figure 2b.

Debris Trajectory Analysis - Data Requirements

The input data and information required for the trajectory analysis are
described in Figure 3. These include a physical description of the debris,
such as its size, weight and geometry, and any other pertinent characteristics
which can be determined such as moment of inertia. Secondly, the initial free-
flight characteristics of the debris must be established. These Include the
time of release of the piece of debris into the blast environment, its location
at the time of release, and initial motion data. These categories of input
data are generated in part from the specific response analysis discussed in the
preceding section, or estimated from experimental data.

The trajectory calculation also requires aerodynamic data on the class of
debris shapes encountered. These data include drag and lift coefficients,
each as a function of orientation angle (angle of attack). The data must in-
clude all orientations since most pieces of debris will be expected to tumble
and rotate as they are transported through the air.

The blast wind is the primary driving force in the transport problem (which
also includes gravitational effects) and a satisfactory treatment of this vari-

able has already been developed (Ref. 17) and is used here.

Any piece of debris which impacts with the ground plane during the early
portion of the blast environment may bounce, I.e., not be captured, and even
if much momentum is lost as a result of the impact the aerodynamic forces will
generally be sufficiently large to loft the piece of debris and cause it to be
transported some additional distance. Once lofted, the piece of debris will
acquire additional momentum and again represent a hazard.

Debris Trajectory Analysis - Transport Model - A simple rectangular block free
to translate and rotate in two dimensions is used to represent a piece of debris.
It is defined by four corner points. Symbols representing its dimensions are
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shown in Figure 4a, and include D1, the vertical distance from corner point 1
cot- to the center of gravity; D2, the vertical distance from corner point 2 to the

center of gravity; H, the total height; S1, the horizontal distance from corner
point 1 to the center of gravity; and S2, the horizontal distance from corner
point 2 to the center of gravity. Additional parameters needed to describe a
piece of debris include its width (normal to the plane of the paper), weight
and mass moment of inertia. The model, therefore, requires that an irregular
piece of debris must be idealized by means of a rectangular solid.

Blast loading consists of diffractior, drag and lift forces. Time depen-
dent diffraction loading is applied as shown in Figure 4b and consists of forces
acting at the center of each of the four planes. These forces are computed
as follows:

P1 2 = 1/2(Pl+P2 ) (S1+s2 ) W

P23  ' 1/2(P 2+P3 ) H'W
P34 ' 1/2(P 3+P4 ) (S1+S2 ) W (1)

"P41 m 1/2(P 4+P1 ) H.W

Where Pi(i - 1,4) are pressures in the blast wave acting at the corner points
and W is the width normal to the plane of the paper. The net effect of this
loading vanishes once the shock clears around the block.

Drag and lift forces are applied as shown in Figure 4c and are defined as
follows:

Drag force: D - q(t)Ad(e) (2)

Lift force: L = q(t)AL(e) (3)

where q(t) is the dynamic pressure of the flow and Ad and A. are position de-
pending drag and lift areas which are expressed as follows:

Ad 3 Adnin + (Admax - Admin)Stn 2 (e - 2. ) (4)

At = Almaxsin(2e-w) (5)

Admin, Admaxand Atmax are respectively/ the minimum drag area, the maximum drag
area and the maximum lift area of the rigid block. They are obtained by multi-
plying the actual areas by appropriate drag and lift coefficients (Ref. 18).

As shown in Figure 4c, the drag force is assumed to act at the center of
the projected horizontal area. Its eccentricity (a) is
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( I D)cose + (S1  S2)sine 6

The lift force is assumed to act at the center of gravity (e.g.) and, therefore,

has no associated eccentricity.

The final set of forces which may act on the piece of debris are contact

forces which occur on impact with either a horizontal or a vertical surface.
These contact forces are broken down onto the horizontal (H), and vertical (V)
components acting at the four corner points of the block (see Figure 4d).

The following forces apply (where the subscript i refers to the specific
point in contact: i = 1,2,3 or 4.

For contact with floor:

VI -- KL Y, Y, <0 and Yt<O

w-Ku Y, yi <0 and ;,2.0  (7)
= 0 Yl >0

Hi 1 0 Vi (ki I /Ai)

For contact with wall:

Hi - KL(xt-xw) xi>xw and xi>O

- Ku(xt-xw) xt>xw and xt<O (8)

= 0 XI <xw
Vi w UHi (1pi I/oi)

where
Xw - coordinate of the wall

KL - spring constant for loading
Ku - spring constant for unloading

S- coefficient of friction

The governing equations for computing the trajectory of the block are given

as follows:
16 a D-H1-H2-H3-H4+P1 2sine -P2 3cose -P 34 sine +P41 cos (9)

- L+V1 +V2+V3+V4 +P12 cose +P2 3sine-P3 4cose-P 4 1sine-Mg (10)
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IN DA + H1 (D1cose-Slsine) + H2 (Dlcose+S2 sine)

- -3 (D2cose-S 2 sine) - -4 (D2 cose+Sisine)

+ V1 (D1 sine+Slcose) + V2 (Dlsine- S2cose)

- V3 (D2 sine+S2cose) - V4 (D2sine-Slcose) (11)

- P12 (($ 2 -$1 )/2) - P23(H/2-D1 )

+ P3 4 (($ 2-S1 )/2) + P4 1 (H/2-D 1 )

In equations (9), (10) and (11):

M = the mass of debris piece

I = the mass moment of inertia

The other parameters are as shown in Figure 4 and defined previously.

ILLUSTRATION OF DEBRIS DISTRIBUTION ANALYSIS

The building used in the analysis is shown in Figure 5 (Ref. 14, 21). This

is a small, two-story office building whose basic building module has plan dimen-

sions of 13-ft by 23-ft. The building consists of eight basic modules. The

structural system is a reinforced concrete frame. Roof and intermediate floor

consist of one-way reinforced concrete slabs. In the long direction the building

is enclosed by unreinforced concrete masonry walls and window walls arranged in

a staggered pattern. Exterior walls in the short direction consist of masonry

without windows. Each module of the building is assumed to contain furnishings
which include a sofa, a table, two arm chairs, four small chairs and a desk. The

sizes and arrangement of these items in the room is described in Ref. 14 and 21.

The building is assumed to be located at the 5 psi range of a 1-MT near-

surface burst. Its front wall (see Figure 5a) is oriented at right angles to
the direction of the blast wave. At this range the longitudinal masonry walls,

which have an incipient collapse overpressure of 0.5 psi, will fail catastroph-

ically as will the transverse studwalls. The structural frame, including floor

and roof slabs and the transverse masonry walls, are expected to remain in place.

Debris will consist of broken, longitudinal masonry walls, transverse studwalls

and furniture. Window glass will become debri's; however, its transport is not

considered in this analysis.

Before a debris transport analysis can be performed, it is first necessary

to determine the number and size of primary pieces of debris that will be
Mit 1I15AICH INSTITUTE )
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produced when a given wall interacts with the blast wave, and the number and

size of secondary pieces that will result when a primary piece impacts the floor.

This was determined using experimental data.

The initial crack pattern chosen for the longitudinal masonry walls is

shown in Figure 6a and corresponds to experimental results (Ref. 19) for a sim-

ply-supported masonry wall having the same dimensions. This figure shows the

primary pieces produced when the wall interacts with the blast wave. An assumed

secondary debris pattern is shown in Figure 6b. Each primary piece is assumed

to break up in pieces having four different sizes, i.e., one-, two-, three- and

four-block sizes. These sizes correspond approximately to those obtained in the

URS shock tunnel for similar walls.

A debris catalog was prepared in which each piece of debris was described,

in terms of the data required by the transport model (See Figure 4), x,y,z c6;'i-

dinates of its center of gravity relative to one corner of the building, and

time of separation. Initial velocity was set equal to zero. Time was taken to

be zero when the blast wave was coincident with the plane of the front of the

building, and, therefore, the time of separation for the front wall was also

zero. The actual time to failure was estimated to be 0.04 sec. This was con-

sidered to be small in comparison to the positive phase duration of the blast

and was, therefore, neglected. For the other items, furniture and the back wall,

the time to separation was computed using the shock velocity and the distance

from the front wall to the center of gravity of the given items.

The first part of the analysis dealt with the primary wall pieces (Figure 6a);

their motion was traced until each piece touched the floor or the ground plane.

At that point it was assumed to break up into the preassigned number of second-

ary pieces (Figure 6b). The initial conditions of forward distance, velocity,

acceleration and time, were those for the center of gravity of the primary

debris piece, the other two coordinates were pre-assigned. The transport of

each secondary piece was continued until its velocity became smaller than a pre-

assigned value. The final positions of wall debris produced by one half of the

building (the four modules shown in Figure 5b) are shown in Figure 7. OnIj

masonry wall debris is included. Furniture items and studwall debris traý!eled

significantly greater distances. The debris from the four walls are identified

in Figure 7. Two of the walls are similarly identified in Figure 5b.
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(• The debris from segments D (Figure 6a) of the two front walls travel an

average of about 18 feet and remain within the building. The longest distance
(about 100 feet) is traversed by the smaller pieces (one block in size) from

the upper rear wall.

Calculations indicate that it takes approximately 0.04 sec for the wall to
reach incipient failure, i.e., to form the crack pattern shown in Figure 6a.
An average of 0.50 sec is then required for the individual (large) pieces to
impact with the ground plane. Approximately 3 seconds would elapse from the

time of wall failure to the time all of the pieces shown in Figure 7 come to
rest.

Velocity histories of furniture items are shown in Figure 8. These curves

contain n-jmerous jumps indicating impacts with the ground plane. These items
were assumed not to break up while in motion. Furniture debris were transported

significantly faster and further than masonry wall debris. The longest trans-
ported distance was 330 feet for the table, and the shortest was 164.5 feet for
the chair. The presence of an accumulator (stronger structure) in the path

of the debris would create a pile with a high concentration of furniture near
the ground against the accumulator, covered by a layer composed primarily of

( Lmasonry. The order of arrival of debris pieces at any given accumulator loca-
tion can be extracted from calculated position-time data for each debris piece.

CLOSURE

The method described provides a basis for determining 1) the makeup of
debris piles from various debris sources, 2) the hazard to a facility due to

debris impact and/or debris accumulation.

2. The task of accounting for each piece of debris as was done here is
tractable when the source is relatively small and isolated. However, when
dealing with a group of different buildings, the task of cataloging of debris
piece by piece is impractical; and, unless gross simplifications are made, in

all likelihood impossible. It is much more reasonable to consider groups of
debris with average properties. Statistical distributions of debris within

these groups can also be considered.

3. The building debris became segregated, e.i., the heavy noncombustibles
remained relatively' close to the building while the lighter, mostly combusti-
ble debris were transported significantly further.
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4. Debris transport is sensitive to the peak overpressure of the blast wave
at the affected location. Transport distances tend to increase at a rate

greater than a linear function of peak overpressure.
5. Debris transport is sensitive to the weapon yield when the debris are
sufficiently light and peak overpressures sufficiently high to keep the debris
piece in the air long enough to be affected by the longer overpressure dura-

tions of the high yield weapons.
6. Most debris produced by a high yield weapon would spread apart as carried
along by the blast wave. This would result in a deposition of debris in a
fan shape originating at the source. The fan angle would be approximately 30
degrees (Ref. 20).

The two-dimensional (vertical plane) model used here does not allow for
such dispersion. In this study an angle smaller than 30 degrees was chosen
and the final debris posititons were adjusted accordingly (see Figure 7).
7. Closely spaced debris sources may result in a lesser area covered by debris

than that predicted assuming each source is isolated. This is due to shielding,
accumulation, and interaction of debris with debris,

8. For larger weapon yields the distribution of debris at a given overpressure

( will increase because of longer pulse duration.
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Response of the Flash X-Ray
Building at Site 300 to

Explosions on its Firing Table

ABSTRACT

The response of the new high-explosive Flash X-ray Radiography Facility at
Bunker 801 at LLNL Site 300 to explosions on its firing table has been measured. Seven
charges of the high explosive C-4, with increasing weights of from 18 to 585 lb, were
detonated. Charges were placed on a pea-gravel firing table on the radiographic axis 10 ft
from the face of the steel bullnose protection plate. No noteworthy damage to the new
building or its installed equipment occurred during these tests.

Strains on 46 strain gauges were recorded during the explosive tests. During
construction of the facility, these gauges had been welded to the steel reinforcing bars in
various locations, or suspended between them, and were then embedded in the structural
concrete. The gauges recorded strains as high as 220 gsin./in.. which is equivalent to a
stress of 5600 psi in steel. All elements of the structure remained well below their elastic
limits, and should remain within these limits when subjected to detonations of up to
1000 lb of TNT on the firing table. I

The measured strains were less than those given by simple engineering calcula-
tions by factors of from 1.7 to 3.9. Several safety factors and conservative simplifying
assumptions were inclucted in the strain calculations, and this may account for the large
differences.

,*,k is underway with more elaborate structural-analysis models that use the
laboratory's large digital computers. Future experiments and computer modeling should
yield better agreement between theory and experiment.

INTRODUCTION

The design of LLNL buildings to withstand The Laboratory haz conducted explosive tests
blast follows a fairly rigid procedure. Early in the near structures for about 30 years. It was realized
procesb a firm of architects and engineers (A&E) is early in the construciion of FXR that our
hired, meetings with laboratory staff are held to knowledge about structural response to blast could
define requirements, and the A&E contractor be improved if instrumentation were installed in
designs the buildings according to our criteria. The the roofs and walls of FXR before the concrete was
cortractor sometimes hires consultants to assist in poured. The strength of FXR could be
the design of special facilities; this was done in the demonstrated and compared with design calcula-
design of the recently completed high-explosive tions, and explosive tests of different weights,
Flash X-ray Radiography Facility (FXR). geometries, and locations could provide useful data

The design goal was to produce a structure for the design of new structures.
capable of withstanding repeated detonations of Accordingly, 61 strain gauges were installed

1000 lb of TNT on a gravel firing table 10 ft in on and between the reinforcing bars and embedded
front of the bullnose. in the concrete, and S accelerometers were mounted

762Oi
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at various locations in the completed building. (Of The only damage caused by these tests was the
the ol strain gauges installed, 4o survived the con- shattering of a plastic cover on an outside lighting
struction process; we had enough channels to fixture. The building and its installed equipment
record results from 4o strain gauges.) The locations were unaffected.
of the strain gauges are shown in Fig. 1 and in The following sections describe the tests and
Figs. A-1 through A-5 in Appendix A. The loca- the data analysis, compare the observations with
tions of the accelerometers are shown in Fig. B-i in the results of simple calculations, and give our con-
Appendix B. clusions. The appendices give technical data on the

Seven high-explosive charges, weighing up to strain gauges and accelerometers, summarize the
585 Ib, were detonated at the shot point shown in strain-gauge data, and show calculations we did to
Fig. 1, and the response of the structure was re- supplement those done by the design consultants.
corded. The measured strains were lower than Microfiche records of the actual data, after
those predicted by rapid-analysis calculations by smoothing by computer, are included.
factors of from 1.7 to 3.9. Some reasons for the dif-
ferences between experiment and theory are
suggested in the section "Discussion of Results."

S~Builnose

10~ Shot point

II

FIG. 1. The FXR addition to bunker SIolA (plan view). Test explosives were placed on a gravel firing table
at the shot point In front of the bulinose. The optics room is completely below the firing-table surface; It was
covered with an 15.In. layer of gravel for all shots but one.
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FLASH X-RAY FACILITY TESTING
)

HIGH-EXPLOSIVE CHARGES In shot 414, which used the same weight of C-4
"(182 ib), we levelled the entire firing table surface.

C-4 explosive' was used for the testing (We also removed a 21-in. pea-gravel cover from

because its heat of detoknation is near that of the the optics room roof to investigate static loading
common PBX-9404 explosive and because its and the blast-attenuating properties of gravel.) The
putty-like consistency makes assembly cheaper remarkable differences between the data from the
since machining is unnecessary. C-4 is 91% RDX two shots simply exhibit the effects of barricading.
mixed with 5.3% di (2-ethylhexyl)-sebacate, 2.1% We thought it prudent to fire shots of increas-
polyisobutylene and 1.6% motor oil. ing explosive weight, We chose 585 lb as the max-

The heat of detonation of PBX-9404 is 1.38 imum weight because it was the largest pressed-
kcal/g; the heat of detonation of TNT is 1.09 PBX-9404 spherical charge available and because it
kcal/g. Reference 1 does not tabulate an ex- represents a practical maximum for the bunker
perimental value of the heat of detonation for C-4; during the next several years. The weights of the
we assume its heat of detonation is equal to that of smaller charges were determined by the capacities
PBX-9404, because the calculated heats of detona- of the containers available to hold them-55-gal oil
tion are nearly the same, 1.59 for C-4 and 1.50 for drums, paper shipping drums, lard cans, and ice
PBX-9404. The ratio of the experimental heats of cream cartons.
detonation of PBX-9404 and TNT ranges from 1.25 The charges fired and the corresponding shot
to 1.27, depending on the observer (see Ref. 1). A numbers are listed in Table 1.
rounded-up ratio of 1.3 was adopted for the pur-

pose of calculating TNT equivalent weights, with
C-4 assumed equivalent to PBX-9404.

Except for the 585-lb charge, the C-4 was TABLE 1. High-explosive charges fired, and
packed into cardboard or sheet-metal cylinders equivalent TNT charges.
with length, to-diameter ratios (L/D) of about 1.

The 585-lb charge was built up on a wooden pallet, Shot Weight Equivalent
bag by bag, in an approximately right-circular No. of C-4 weight of TNTRKM- Date fired (Ib) (lb)a
cylinder of L/D = 1. To adjust the shot height, w e ___ __Datefired_ _lb)_ ___ __

placed the smaller charges by hand on plywood 408 12/22/60 is 23
boxes; the larger charges, supplied on wooden 409 12/22//0 is 23
pallets, were maneuvered into position with a fork- 410 01/06/91 90

lift truck. 413 01/12/SI 182 237
All charges were center-detonated. The 414 02/17/81 1i2 237

charges were placed so their centers were on the 415 01/13/8 325 423
axis of the linear-induction accelerator (LIA) and 436 02/11/SI SOS 761
10 ft from the exterior surface of the A-36 steel

bullnose cover plate. The space in front of the aWeight of C-4 x 1.3: we tet for the derivation of this
bullnose adjacent to the optics room was filled with factor.

pea gravel about 15 ft deep, forming a firing-table
surface about 2 ft below the LIA axis, The top few
feet of pea gravel in the blast area was replaced af-
ter each shot. The firing table is shown in Fig. 2. PRECAUTIONS

In shot 413, the pea-gravel surface was only
about 6 in. below the LIA axis, so a hole about Precautions taken to minimize damage in-
18 in. deep and 6 ft in diameter was dug to bring cluded the following:
the center of the explosive to the LIA centerline. 0 The fire sprinkler system was turned off
This seemedmerely an expedient at the time; we before each shot, although water pressure was
did not recognize that we had barricaded the shot. maintained in the lines. This was to minimize the -j
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FIG. 2. The FXR building during construction showing the bulinose, the gravel firing table in front, and
the buried optics room on the left. The 4-ft-square opening in the bullnose had not been covered with its
steel-and-plywood sandwich when this photograph was taken. Gravel has been removed from some of the
optics ports, revealing circular temporary covers. The top edges of buried naval armor plate can be seen
around the long side of the optics room and partially around the short side. This armor protects the turning.
mirror equipment and the tops of the optics ports from shrapnel. The armor extends 13 to 20 ft below the
gravel table and is separated from the optics room wall by 2 ft of gravel, which may substantially mitigate
ground shock.

chance of water damage to the partially constructed placed in the 2-in. space between the channels and
linear induction accelerator. particularly to the the doors with neglible compression. This is shown
many very clean electronic comp.ients that were in Fig. 3. The intention was not to prevent the
still exposed. Fortunately, no water leaks occurred. doors from opening, but rather to test the fasteners

0 The large doors at the west end of the new and to prevent damage if the doors did swing open.
building are held closed by small bolts and striker The fasteners held, and the styrofoam was un-
plates qf only a few in." area. If the fasteners had marked, but the lower striker plate on the larger
failed during the negative phase of the blast wave, door suffered some coining and plastic deforma-
the swinging doors could have been damaged. tion.
Aluminum channels with styrofoam pads were * The bullnose opening was closed by a

i therefore placed across the doors and bolted sandwich of plywood and steel plates held on by 48
through the concrete walls. The styrofoam was breakaway bolts. The shots in which the HE was
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FIG. 3. As a precaution, fittings were installed at the teat doors of the accelerator building to prevent
damage if the latches failed during the negative-pressure portion of the blast wave. The aluminum channel
loosely held a strip of 2-in.-thick btyrofoam against the doors. The latches did not fail, so these precautions
probably will not be used again except for very large explosive charges.

cased in sheet metal caused some cosmetic pitting BULLNOSE DESIGN
of the front 6-in.-thick steel cover, so sheets of
scrap plywood were stacked in front for the heavier The bullnose design adopted for the FXR
shots, For the 585-lb shot, two layers of pea-gravel building was a result of experience with the struc-
bags were put in front of the bullnose to reduce the ture of Bunker 851, including its early failure and
rebound forces on the breakaway bolts. Details of successful rebuilding. In addition, facilities con-
the bullnose sandwich, the method used to hold it structed for similar purposes were visited and com-
together, and'its performance are discussed in the pared: these included the Phermex installation at
next section. Los Alamos National Laboratory, the British
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facilities at Aldermaston and Foulness, and the new plications it is important to have the x-ray target as
x-ray facility at Moronvilliers, France. close to the shot as possible while still providingWAt LLNL's linac Bunker 851, the builnose is a shrapnel and blast protection for the accelerator. In
monolithic, hollow, 300-ton steel-reinforced con- FXR this requirement was met by providing a 4-ft.
crete structure. The bullnose is not fastened to the square opening in the bullnose 2o accommodate
bunker, but is free to side on its own foundation. It electron-beam-transport equipment and the x-ray
is hollow to accommodate the linac beam-transport producing target hardware. For the tests reported
equipment and the x-ray producing target here, the opening was closed by a sandwich of
hardware. Rubber bumpers partially fill the 8-in. plywood and steel plates held on by 48 breakaway
space between the bullnose and the bunker wall. bolts. This is shown in Fig. 4. In actual use the

When the Bunker 851 bullnose was tested sandwich will be pierced to allow emergence of the
with explosives when it was completed in 1960, x-ray beam, and the opening will be covered by
concrete was spalled from the inside front face. light-weight x-ray transparent materials.
This occurred because the initial compressive shock When the bullnose is dynamically loaded, the
reflected as a rarefaction from the interior con- pressure fort es on the front face compress the
crete/air impedance mismatch, resulting in tensile various construction materials and store elastic
stresses high enough to cause brittle failure of the energy. As the blast wave dissipates and the
concrete. The repair consisted of rebuilding the pressure decreases, the compressed materials ex-
front 2.5 ft with much more reinforcing steel and pand and accelerate the front steel plate back
facing both inside and outside surfaces with steel towards the firing table. The momentum thus hi-
plates of enough tensile strength to prevent spall. parted to the plate results in tensile stresses in the
Through-bolts in plastic pipe were embedded in the bolts holding it on; when the forces are high
matrix, and their nuts were torqued to several hun- enough, the bolts are elongated. The bolts are
dred ft-lb after the concrete cured. designed to fail in tension and/or bending to avoid

A sandwich of plywood and steel sheets with a damage to the cast-in-place permanent bolts. A bolt
4-in.-thick front plate of case-hardened steel ar- is shown in Fig. 5, and the result of a laboratory
mor, attached to the bulinose with breakaway bolts, tensile test to failure is shown in Fig. 6. The yield
forms the primary shtapnel-protection and blast- point in the tension test was 50 ksi; the elongation
mitigating structure for the Bunker 851 bullnose, was about 35%, corresponding to about 1.5 in total
This construction has performed quite well for extension to failure in the reduced-section region of
20 years. The armor plate is replaced every few the bolt.
years when shrapnel damage becomes excessive. After each shot, the bolts above the level of the
The breakaway bolts have broken several times firing-table gravel were removed and measured to
during rebound: the plate simply tilts over in the see if their yield point had been exceeded. No
gravel and is set up again and rebolted. elongation occurred until the 325-lb shot. Some

In 1977, the French constructed a steel- elongation occurred in the 585-lb shot, even
reinforced concrete building at Moronvilliers to though gravel bags were used in front of the
protect a new flash x-ray machine from blast and bullnose in that shot. The data are shown in
shrapnel damage. Their building is about 24 ft high Table 2. The important result is that the total
and 31 ft wide. The bullnose is an integral part of
the construction; its front face consists of two ver-
tical planes that meet at right angles, so it looks like
the bow of a ship. The concrete there is 4 ft thick TABLE 2. Bullnoe bolt elongation In 325-lb and
and is pierced with a steel-cased hole for the Sas-lb shots.
emergence of the x-ray beam. Armor plate covers .................... C-4 Minimumt Maximunm Avuapl
the concrete where it is likely to be damaged. The Shot weliht elongatkon eloqation elongation
building has withstood many nearý,y eyplosions. No. (Ib) (dn./mo.) (Ain./in.) (min./in.)

The FXR bullnose design combined the ..... ..... ..... . . . .............
economical integral French style of construction 415 325 0.003 0.027 0.01o

with the through-bolted steel-plate anti-spall 416 se5 0.026 o0.11 0.0
features of the Building 851 bullnose. For some ap-
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FIG. 6. Stress vs strain in a laboratory test of a breakaway bolt.

average overall bolt elongation in these tests, The weldable strain gauge consist, of a nickel-
0. 147 in., is far less than the 1.5-in, total elongation chrome alloy sensing filament welded, with its
to failure in the laboratory tension test. leadout wire, into a small unit about 0.75 in. long.

After the tests were complete, the steel-and- The strain filament itself is enclosed in a stainless
plywoodt sandwich was removed and the perma., steel tube welded to a stainless steel flange, The
nent parts of the bullnose were inspected for filament i6 mechanically coupled to the inside of )
damage; none was found. Sections were cut out of the strain tube, but electrically isolated from it by.
the plywood layers and compared with fresh magnesium oxide powder. The assembly is her-
material of the sarne lot; again, no permanent rustically sealed and should function for many
deformation or compression of the plywood was years,
found. Thus, it appears that the breakaway bolts For gauge installation, a small area on the rein-
performed as intended. They will be scribed and forcing bar was ground smooth and the gauge
occasionally removed for inspection. flanges were spot-welded to the bar with a small

capacitive-discharge welder, The strain in a rein-
STRAIN GAUGES forcing bar is transmitted through the spot welds

on the mounting flange to the strain tube, and
Strain gauges were installed during the con- through the magnesium oxide powder to the alloy

struction of the building. Some gaag"- were welded strain filament. The powder is so highly compacted
to the steel reinforcing bars, and others were that the strain is transmitted to the sensing element

i••supenedin the spaces between them; the gauges throughout its length. Dow Corning room-
"•:•were then embedded in the concrete as it was temperature vulcanizing silicone rubber (RTV)
• poured. Very rugged gauges were needed to survive number 732 was applied all over the welded

"!the con ý.-uction activities and the pouring of the assembly and the newly cleaned steel surface to
i•"concrete. For installation an the reinforcing bars we reduce rusting. Figure 7 shows a typical weldable
• •used a weldable gauge, the Ailtech Model 5C129- gauge installed on a reinforcing bar.

•*6S; for suspension between the bars we used a so- Embedment strain gauges are available in
S called "embedment gauge," the Ailtech CG129-6- various lengths appropriate to different average

65. Specifications for these gauges are given in Ap- aggregate sizes. We u~ed the 6-in, gauge recom-
pendix A. mended for our aggregate, whose average size
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Concrete-filled Shock attenuation
weldment plates

-60.0020 200 n.~~~~2.00 in. 2.00 in. •-• -20 n

-qne • •q -. ef -. •- 6.00 In.--

I • Blast wave
SI ZT' from HE

7_ 7.. i detonation

Ste' Concrete tol Steel Breakawr y

-Throgh bolbolt

/•Through bolt Plywood Plywood

Steel I

FIG. 4. Construction details of the bullnose front, showing the method used to close the opening for the
x-ray beam and the method used to attenuate shocks transmitted to the building. Steel plates form the inside
and outside surfaces of a weldment later filled with concrete and made an integral part of the building.
Special breakaway bolts hold the armor-plate-and-plywood "sandwich" that attenuates the transmitted
shockc. The bolts are designed to fail in tension to prevent plastic deformation of permanent parts of the
building. At the end of these tests, the average bolt extension was 0.147 in., well below the 1.5-in. extension
obtained when a bolt was pulled to failure in a tensile-test machine.

h- .12 in.

S~1.00 in.

Breakaway bolt -- Nut

FIG. 5. Breakaway bolt used to hold the front plates onto the bullnose.
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FIG. 7. A strain gauge spot-welded to a reinforcing bar and covered with Dow Corning RTV silicone rub-
ber. A piece of steel angle has been wired to the bar to prevent damage from construction activities. The
signal cable leads away to the right and down.

was 1.5 in. The sensing filament is contained in a on the connecting cables by rapidly inf lowing con-
stainless steel tube, at the ends of which are crete. Appendix A gives the locations of the strain
triangular plates mounted normal to the gauge axis. gauges and other information on their installation
This assembly is shown in Fig. 8. The gauges were and use.
suspended from the reinforcing bars in the desired
locations and orientations on wires threaded ACCELEROMETERS
though the holes in the triangular plates.

Cable connections to the strain gauges were Eight Endevco piezoresistive accelerometers
routed over the reinforcing mat to minimize were used to measure the structural response of the
damage during the pouring of the concrete. The optics room floor, the bullnose floor, and two linear
cables were brought out to connection boxes on the induction accelerator mounts. Appendix B gives
interior walls of the bunker, where they are now the accelerometer specifications; Fig. B-1 shows
available for use at any time. their locations.

Of the 61 gauges installed, 49 survived the Accelerometers were fastened in pairs to
construction activities and the pouring of the con- aluminum blocks, which were epoxied to the struc-
crete. Most 'loos occurred with the embedment ture in the locations shown in Fig. B-I so that biax-
gauges, probably because of severe loads imposed ial measurements could be made. By recording both
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FIG. B. Embedment strain gauge (6 in. long) suspended between supports in the middle of the optics room

roof. The inner and outer double-layered reinforcement mat is clearly visible; two camera-port sleeves are on
the left.

the horizontal and vertical components of accelera- cillograph was used to get a quick look at data from
tion at several locations, we hoped to distinguish gauges in the most important locations. We re-
between forces acting on the front face of the struc- corded 54 channels: 46 strain gauges and 8 ac-
ture and those transmitted from underneath by celerometers. The remaininlg channels recorded a
ground shock. The two components were not fiducial marker coincident with the detonation of
significantly different at any location except at the the high explosive and a time-code generator for

bullnose floor for shot weights of 182 lb and more, use in data reduction.
At that location, the vertical component of ac- A bridge circuit was used to energize and
celeration was about 40 to 90% greater than the monitor the change in resistance of the strain
horizontal component. gauges and accelerometers. Precision resistors were

used in the inactive bridge arms, and standard
signal-conditioning equipment was used to supply

DATA RECORDING power. The wire length from the strain gauges and
accelerometers was about 130 ft, so the bridge ex-

The signals were recorded with three magnetic citation voltage was measured as close to each sen-
tape recorders: a 32-channel recorder with 80-kHz sor or transducer as possible. (Safety considera.
frequency response, and two 14-channel recorders tions prevented us from making measurements
with Z0-kHz frequency response. A real-time os- close to the connection boxes.)
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The voltage output from the strain gauges and The highest recorded strains on the reinforc-
accelerometers was preamplified by differential ing bars were those in the middle of the optics room
amplifiers whose frequency response was at least wall for the 565-lb shot; th*se are shown in Fig, 9. )
100 kHz. Before each test, a calibration signal was Figure 10 shows the strain recorded on that shot in
recorded for each transducer, either by shunt the middle of the optics room roof. Zero time in
calibration or by voltage substitution. These Figs. 9 and 10 corresponds to the detonation of the
calibrations were used during data reduction to high explosive.
relate the recorded analog voltage to a strain or ac-
celeration.

The recorded data was digitized and reduced STATIC TESTS
by computer with the code ATD,' Because high.
frequency signals propagated in a structure of this To check gauge response, we observed the
size are of little interest, noise above 2 kHz was response of ten strain gauge% in the optics room
removed from the strain gauge data with a 6-pole roof to two static loadings with up to 20 steel
(3o dB/octave) Bessel-filter algorithm. The ac- blocks whose weight totalled about 186 tons, The
celerometer data was unfiltered, first loading consisted of a layer five blocks long

S I I' I

200

C

0

-1001
0 20 40 6o 80 100

Time (ma)

FIG. 9. The highest strains recorded in the building (except
for those in the front steel plate) were those in the interior
reinforcement mat, mid-span in the optics room wall by
pguge 4. In this signal, from the 568-lb test, a peak compres-
sive strain of nearly 90 Ain./in. occurred about 16 ms after

detonation; a peak tensile strain of about 220 uin.Iin.
occurred about 32 ms after detonation. The signal has a
fundamental frequency of about 40 Hz, which corresponds
closely with the natural frequency of a wall of this shape and
size, which we calculated to be 46.5 Hz.
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FIG. 10. One of the strongest and least noisy signals
recorded in these tests was from gauge 28, mid-span in the
optics room roof on the interior reinforcement mat. The sig-
nal shown here, from the 585-lb shot, indicates an initial
compressive strain of 55 pin./in. about 8 ms after detonation,
and a tensile strain of nearly 175 iiin./in. 15 ms after detona-
tion. This tensile strain corresponds to a stress in the
reinforcement bar of 5250 psi, well below failure stress in
both the steel and the concrete. The fundamental frequency
was 40 Hz.

and three blocks wide across the centerline of the The bridge circuit for each strain gauge was corn-

Sshort span with three more blocks across the mid- pleted near the active strain gauge, as in the

die row. This loading put three blocks directly over dynamic tests. The wire length from each strain
each wall, and gave strains too small to measure. In gauge ta the measuring station was 50 ft.
the second loading, the blocks were arranged di- Ordinarily this type of static strain measure-
rectly over the central gauges in two 3 X 3 layers, ment is routine. One measures the strain in the un-
with the last two blocks on top. The strains loaded structure, then loads, measures, unloads,
achieved in this loading are reported in Table 3. and remeasures. The interesting data are the strain
Appendix D gives calculations of the strains ex- changes caused by loading and unloading. Initial
pected in the static tests, shows the locations of the and final unloaded strain readings may differ by a
gauges used, and shows the arrangement of steel few min./in., but for most structures this difference
blacks in the second static test. isn't critical. For the optics room roof, however,

The strain readings were obtained using a drift of up to 20 uin./in, occurred with no change
strain indicator that reads directly in strain units. in the applied load. The load-induced strains were

The gauge resistances were measured indepen- not much bigger than this. The drift was probably
dently with an H-P 3456 digital volt-ohmmeter. Caused by sunshine-induced thermal stresses on the
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TABLE 3. Strain changes in loading and unloading in the statk loading tests. Increase In
gauge resistance, corresponding to tension, is indicated by a (+) sign; decreaslng resistance,
corresponding to compression, Is indicated by a (-) sign. Uncertainties in strains are about
10 to 20 Min./in. The calculations described in Appendix D gave 163,vin./in. for the
magnitude of the strain at the centerline.

Strain . Lgton_ Loading strain Unloading strain
No. EWiter Interior Lowation an *pan (pin./in.) (pin./ln.)

33 Centerline -30 +50
31 X Centerline +40 -24
30 X Centorline -34 +so
28 X Centerline +40 -32Ssteti hn/3-ipan +n3n d -n
24 X 1/3-sapn -30 + 40
22 1 /3-span + 44 -04

F 1 e T/t-span -3d
16 1 /6-sp-n + 4 +61

i Wall-reef! corner + 18 -8

e\posed roo~f, so the strain change in unloading, The .strains given in Table have uncertainties• of

which took 35 rain, should be much more reliable about 10 to 20p•in./in.
than the strain change in loading, whic:h took two
days.

For each gauge, Table 3 lists the loading and

unloading strain changes. The initial unloaded CANTILEVER-BEAM TESTS
gauge resistancesa used in determining these A further verification of strain gauge factor

hanges were averages of thiee values obtained and o the dynamic response of te recording
over two days; the loaded values were averages of andoltlw dr n e o t elr eSsystems was made at the Livermore site. A weldable
two values obtained over eight hours; the final un- gauge from the lot used for the bunker measure-
loaded values were the results of single measure- gent th. lotpured oith bunke r meas-

mients was compared with a conventional metal-foil
mente. gauge when both were mounted side by side on a

Despite drift, the signs o" the loading and tin- cantilever beam that was first statically loaded andloading strain changes generally agree with what then dynamically ocillated These tests describedIone would expect for gauges on a horizontal bean hndnmcly siltd hsetss ecie
in Appendix A. confirm the gauge factors given byfixed at its ends. Gauge 15 does not show the e\- the manufacturer and provide a calibration of the

pected sign of change in loading, but it is in a cor- gain of the recording system at the beam's natural
ner where the strain field is complicated. Gauge I, oscillation frequency.
does not show the expected sign of change in un-
loading, but both gauges lo and 21 gave strain
changes considerably smaller than the 20,uin./in.
thermal drift. ERRORS

The magnitudes of these strains are very
small-in fact, they are only two to three times Errors in the strain measurements arise from
greater than those due to thermal stress. The uncertainties in the gauge factors, in the shunt-
equivalent stress for the largest measured strain in calibration resistances, and in the bridge excitation
the roof steel reinforcing bar is only 1020 psi, well voltages. We estimate the uncertainty of the strain-
below the yield point of the steel. Vehicular travel gauge data to be less than 4% of the measured
over the optics room roof should not be the value, and that of the acceler'ometer data to be less
problem it is in the older portions of the bunker. than 2.5'%, of the measured value.

794

71IZ



DATA ANALYSIS

All the reduced data from the strain gauges The highest strains in the structure itself oc-U and accelerometers is reproduced on microfiche at curred in the interior reinforcing bars of the optics
the back of this report. room wall: in the S5s-lb shot, the strain at this loca-

For each strain signal, we recorded the peak tion was z20 tn,/in. See Fig. 12,
strain and the time from detonation to peak strain. The strain in the center of the optics room roof
A computer-generated Fourier analysis gave the is perhaps of greater interest than the strain in the
major frequencies present in the signals from each optics room wall because it is most easily
gauge. These data are tabulated in Appendix C. calculated. The average strain from two gauges on
The accelerometer data were particularly noisy. the interior reinforcing mat is shown in Fig. 13.

The peak accelerations recorded in each shot are The highest strain measured there was 180 pin./in,,
given in Table 4. in the 555-lb shot.

The highest strains (see Fig. 11) were those on Strains in the sloping bullnose roof are also of

the interior face of the A-3o mild steel front cover interest and are shown in Fig. 14. Here again the ef-

plate for the 325-lb charge, and were about fects of barricading in shot 413 are apparent, as are

700 Min./in. This strain corresponds to a stress in the effects of the gravel bags used for the 585-lb
the plate of 21 000 psi, about oO% of the minimum shot. The highest strain measured in the bullnose
yield stress in simple tension. Clearly, the much roof was about 210 pin./in., in the 325-lb shot.

lower strains in the 5s5-lb shot demonstrate the Peak strains measured elsewhere were all
mitigating effect of the two layers of gravel bags lower. The locations of the gauges were chosen to
placed in front of the plate. The fact that the strain yield the highest strain readings. However, some
was compressive in the 5s.-b shot (rather than forward regions in the bullnose and at other com-
tensile, as in the other slhots shown in Fig, 11), and plex corners were inaccessible for gauging because
the large difference between the vertical and of the density and routing of the reinforcing bars

horizontal strain signals, are probably accounted and plates. Strains in these locations could have

for by sho'ks transmitted through the gravel firing been higher than any we recorded.
table. The barricading in shot 413 considerably The signals from gauges at corners were rich

lowered the strain, as Fig. I I shows. in high frequencies.

TABLE 4. Peak accelerations in dynamic tests.

Peak accelerations (in t's) for the following
shot woghts (in lb)

Accelerometer FIgure Location Orientation to IS 69 162 162 325 ss36

A-I B-I Optics room floor Vertical 0.7 0.5 1.3 3.4 4 3.0 3.3

A-2 B-1I Optics room floor Horizontal 0.7 0.3 1.1 3.4 5 3.4 3.0

A-3 B-I North LIA support Horizontal 1.4 1.4 5 9 12 i1 20

A-4 B-1 North LIA support Vertical 2.5 2.5 4 9 14 Is Is

A-S 1-I South LIA support Horizontal 2,l 2.2 7 13 12 17 26

A-. B-I South LIA support Vertical 1.4 1.9 S 14 10 13 19

A-7 B-I Builnose floor Horizontal 8.0 4.5 17 40 3$ 44 21

A-S -I Sullnoe floor Vertical 5.0 S.0 IS 59 so 68 40

4Two layers of gravel bagt.
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inner surface of the 6-in.-thick 600
A-36 steel bulinose front cover
plate (gaugs- 62 and 63). The Shot RKMd 414

lower strain in the first 182-lb --

shot (RKM 413) results from I
barricading. The mitigating E- 400 -
effect of the two layers of 3
gravel bags in front of the S - 10
cover plate in the 585-lb shot Shot RKM 413
is clear. The peak strains were
tensile strains for all but the
585-lb shot, in which they 200 * Vertical gauge Cr
were compressive, suggesting 0 Horizontal gauge
that ground shock transmitted (-) Compressive strain F-
a strong force component to 0
the front plate in that shot.
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" -- FIG. 13. Peak strains from
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DISCUSSION OF RESULTS

Agbabian Associates, of El Segundo, Califor- td/T, determines which model is used. Agbabian
nia, was hired to perform the basic calculations for used the impulse model for td/T < 0.08,
the design of the structures. These calculations are One of us (C. Y. King) has extended the Agba-
given in Ref. 3. Agbabian used rapid, simplified bian calculations to predict the strains in the
analysis methods based largely on experimental dynamic tests at a few locations, and for the static-
work reported in Refs. 4 and 5. The experimental loading tests of the optics room roof. Those
data and conclusions reported in those references calculations are reproduced in Appendix D.
were adjusted and extrapolated by Agbabian to ac- Because of its nearly rectangular form, the optics
count, as closely as possible, for the differences be- room roof was the easiest to treat mathematically;
tween the experiments of Refs. 4 and 5 and the the signals from the gauges there also turned out to

S IFXR design requirements. Their calculations are be the simplest, the least noisy, and the easiest to
extensive and include many iterations; they repre- interpret. Table 5 gives the calculated stresses and
sent the best analysis available in a field in which strains at the centerline of the optics room for each
there is little experimental information or design of the dynamic tests.
verification. The calculated strains shown in Table 5 are

Agbabian's calculations of building response greater than the measured strains by factors of
to explosions made use of either of two models, as from 1.57 to 3.87. These large discrepancies are not
appropriate for the conditions of each shot. The the result of experimental error.
first model is based on blast pressure and duration; Table o gives the results of the static strain
the model assumes a triangular pressure pulse with calculations for the optics room roof, and the
zero rise time and assumes that the structural mem- corresponding experimental data. For the center of
ber in question has a single, undamped degree of the roof, the ratio of predicted to measured strains
freedom. The second model is based on blast im- is 4.8. Several conservative assumptions in the
pulse; the model equates the work done by the ex- calculations of Appendix D probably account for
ternal force to the energy stored in the members. this discrepancy. These include:
Strain energy due to both flexure and shear defor- S The strength of the concrete in tension
mation was considered. Various safety factors were was neglected.
applied in both of these calculations. When a sim- * The compression of steel was niglected in
plifying assumption was needed, the most conser- the tensile-stress calculation, even though steel
vative choice was usually made. reinforcement was provided equally in tensile and

The ratio of the duration of the applied compressive sides of the members.
pressure to the period of oscillation of the member,

TABLE 3. Dynamic-test results: calculated and experimental data for the centerline of the
optics room roof.

Calculated
C-4 TNT equivalent Stress Strain Recorded strain Ratio,
(Ib) (16)' (psi) (Ain./in.) (in./In.) calculated/recorded

18 23 2208 47 18 2.61

69 90 8222 181 39 3.87
12 237 6963 211 107 1.97
328 423 8358 289 140 1.78

958 761 $916 278 177 1 57

WeiWht of C-4 X 1.3.

79A



TABLE 6. Comparison of measured strain with design cakulations for static loads. Static
loads consisted of 20 blocks, each 38 X 38 X 47 in., with a total weight of 370 930 lb. A
14-in.-diamn hole 14 in. deep in the bottom of each block accommodates the lifting eye of a
block on which it is stacked.

Calculated Measured strain

Stress (psi) Strain (einA,/n.) (win./inm)

End Center Lnd Center I/6 span` Centerb

Uniformly distributed over entice span *7.1 333o 131 1I6 C _C

rartial uniform load at middle 5466 5306 * 29; loll 6 35

a Average of gauges t1 and 21, lading and unoading.
tbAverage of gauges 28. 30. 3M, and 33, loading and unloading.j CT0oo small to measure.

0 The roof of the optk's room iN a rectangle. During loading of the roof, the moment distribu-
The long span will take 8,,(, of the load for negative tion will transfer some bending from roof to wall.
moment and 0% for positive moment. In the one- In the calculations, we neglected this strengthening
iwvty slab calculations, the short span dim~ension coupling.
was assumed to take all of the load. Thus the 0 A single, conservative value of 3.32 X

Scalculated stress should be higher than the actual 10P' psi was used for the modulus of elasticity of
-stress. concrete; in fact, the modulus increases as the con-

* The optics room roof is connected to its crete cures, and may reach 4.oZ X 101 psi for the
wall% b1 ai considerable amount of reinforcing steel. type of concrete used in the bullnose.

CONCLUSIONS
The 4-ft-square bullnose aperture was suc- that future experiments and computer modeling

cesfullv closed with the plywood-and-steel will yield better agreement between theory and ex-
sandwich shown in Fig. 4. The steel plates did not periment.
suffer any plastic deformation, and the plywood The stresses corresponding to the measured
sheets were not permanently compressed. strains are very small fractions of the yield stresses

These experiments show that gravel bags ef- of the members. For example, in the S85-lb shot.
fectively attenuate explosively driven strain in the peak strain of 185 .in,/in. in the center of the
,Mtructures. In the 585-lb test, the accelerometers optics room roof corresponds to a staess of 52o5 psi
and strain gauges showed attenuation by a factkr of (assuming a modulus of 20 X IV0 psi for steel).
two. While we commonly use gravel bags with ex- This is only 8.9% of the nominal yield stress of the
plosive weights this high. all members of the steel (60 000 psi). Thus, even for 585 lb of C-4, the
building would probably have remained within optics room roof is well below the elastic limit and
their elastic limits even without the bags. the yield strength of its reinforcing members.

The many simplifying assumptions and safety Careful examination of the data leads us to con-
factors used in the design caklulations, and the lack dude that 1000 lb of TNT, detonated under the
of prior experimental verification, introduced a conditions of these tests, would produce a strain no
conservatism into the analysis that we believe ac- higher than 500 pain./in. in any of the gauges. This
counts for the discrepancy between the calculated corresponds to stress of 14 500 psi in the reinforc-
and observed strains. Work is underway with more ing steel. 249. of the yield stress. The building
elaborate structural-analysis models on the design goals have been achieved; in fact, the FXR
Laboratory's large digital computers. The gauges facility Is an extremely strong structure that should
remain embedded in the structure, and we expect withstand detonations for many years.
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-~ STRUCTURAL DkANGE TO BUILDING VRAMS FROMS,• •ACCIDENTAL OR THISDRIT ZMALSION8

Bruce L. Norris
Southwest Research Institute

San Antonio, Texas

INTODUCTION

The response of structural building frames to blast loadings is ofC great interest to military attack planners, to safety-oriented personnel, andC to persons required to prevent or lessen terrorist attack damage. This paper
investigates the response of a number of structural stool or reinforced con-
crete columns to accidental or terrorist explosions by designing the columns
for an assumed 'typical' office or hotel structure, determining the mid-heisht
lateral deflection of the column which will lead to its subsequent collapse
under the applied building loads, and then determining the blast pressures and
Impulses necessary to produce this critical mid-heiSht deflection.

BUILDING DESIGN

The typical building layout chosen is shown in Figure 1. Columns are
placed at 20 foot centers in both orthogonal directions. A uniform live load
of 90 pounds per square foot was applied to each floor in addition to a dead
load equal to the weight of a 7-inch concrete floor slab. The total load on
each column type (corner, exterior, or interior) was determined, and the col-
unm section selocted using the 1963 American Concrete Institute (ACI) or 1967
American Institute of Steel Constructions (AISC) specifications for the rein-
forced concrete or steel construction, respectively. Banding moments from
connecting beams were ignored, and minimum code-applied eccentricities were
used. Fixed support conditions at the top and bottom of the column were as-
sued, and a 12 foot clear-span height was used. The concrete design utilized
ultimate strength design techniques with a concrete strength (f.1 ) of 4,000
psi and a steel reitforcing bar yield strength (fy) of $0,000 psi. The struc-
tural stool design utilized 36,000 psi yield strength sections. Table 1 sun-
marizes the applied loads and section selections for the structural steel de-
sign. and Table 2 contains similar data for the reinforced concrete members.

CRITICAL DEFLECTIONS

The scenario for blast damage and subsequent collapse is presented in
Figure 2. The blast is assumed to sat from either direction (strong or weak
axis) and deforms the column into the shape of Figure 2(c). The applied
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Table 1. steel Column Design

Column Applied Load section

Corset 189 W 8 x 67

Exterior 367 V 12 a 106

Interior 734 V 14 a 211

[Table 2. Reinforced ConoretO Column Deuign

Column Applied Load b w t* d'o As " As'*

Corner 226 12 2.S 1.S4

Exterior 416 16 2.5 5.10

Interior 788 22 2.5 7.62

A d'

A
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•i • iistructural load, aorta8 through the deformed sooeotrioity, A, produces a so-
seat which, if the defleotion is suffioiently great, ezooeds the combined axi-

al load and moment capacity of the oross-seotian. The column will then fail.

'The steel column sections were analyzed lot bending in both the strong
and weak axis directions. Figures 3 and 4 present the idealized cross see-
tions and the eompiletely plastic stress profiles for the two beading oases.
The location oi the neutral sits (N.A.) was determined. The distance from the
tension flange to the neutral axis for the strong axis case was found to be

TI8
- T (121W 2W 1 F

where the vaziablos ar& as defined in Figure 3. For the weak axis case, the
corresponding distance from the tension edge to the neutral axis is given as

(2)
IVF, +TF -P

where the variables are as defined in Figure 4.

The secentricity of the applied structural load, P, from the neutral
axis necessary to produce a mosent equal to the resisting moment was then de-( termined. This leads to the following strong and weak axis eccentricities
(about the neutral axis).

22e, I + V (TF•-) + TW (B + TV•- Sz) +'9 2P a

TF V (2H + 3TF - 2)] (3)

I)2 + TF ,2 + TI(a 1V]" ~[T (V i
IV TP 2V ) p +TH - (4)

These eccentricities were then adjusted to measure froe the original section
centerline (where the structural load is assumed to be applied). This oeoen-
trinity about the cesnterline is then critical mid-height deflection, A. The
results are suamarisod in Table S.

The reinforced concrete columns of Table 2 were analyzed for bending
about the strong axis only sino*, in reality, the stool placement would proba-

ably be uniform aroud the column and the sketch in the table represents an

V,



Centerline

. . .... ... . .......... ' ,n ' .n , .'

D -no* CromSpro b SrssDsti ession

IF (a)~~~~~~~ Crs eto b tesDsrbtonpeso

Fia)* Cro. Setiong (b)lodngo Strees Doumstrto

0

806 0•



AWN&,-

TF

rFY

XwNuta Axis Tension

SCompression
Tw

(a) Cross Section (b) Stress Distribution

Figuro 4. Weak Azls leadiag of Steel Columas

807

?= -



Table 3. B3ediaS of steel Colvmas )

Coluins section
bosaetv or jimesma V & 97 1 A LLga.1a21

ry (psi) 36.000 6.o000 36.000

D (inckes) 9.000 12.608 1S.750

W (lnches) 8.2•0 12.230 15.800

TIP (linhes) 0.935 0.986 1.563

TV (linhes) 0.570 0.620 0.980

H (inches) 7.130 10.910 12.620

P (pounds) 189.000 367,000 7S4,000

Xs (lanh*e) 0.860 0.840 1.310

As (lanhes) 11.070 12.200 8.460

XI (inohes) 3.830 5.250 6.620

AV (inches) ý6.0S0 7.060 9.310

0
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tdealzltion. the column response to oambined axial load and bonding was do-
togminod %list intoerstion diagrams simllar to that of Figure S which is for
the ease of the exterior colmn. Pertiasat equations, based oa Fisere So are
presented below.

Po0 " 0.85 fa b t + f, (As + As') (5)

o- As fy (d-d) (6)

%-0.72 fb 'ld .......LfB..... (7)
0 - + 0.003

P 0.85 fo % b (d - 4 Ak)ft,(d- d, (3)

where

% 0.85 d 0.00.22

S" 05 d 8 + 0.003

and

0 b ecceatricity from Conter of tonsion steel

%- Pb ebI where

Sb- eccentricity from center of section

The moment capacity, N, corresponding to the applied structural load,
P, is thean interpolated as shows in Figure 5. The critical eccentricity, A,
is thee fouad frii

A(10)

~ZI) 809
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Slesults of these calculations are saumarised in Table 4.

Table 4. Reading of Reintfoced Concrete Columns

Column Type

Puonertw or Dimension Inti rior

f Po (kips) 744.00 1,380.00 2,280.00

Pb (kips) 211.00 400.00 792.00

tNo (kip-inches) 889.00 2,805.00 S,400.00

Nb (kip-inohes) 1,604.00 4,543.00 9,980.00

P (kips) 226.00 416.00 788.00

N (kip-inches) 1,559.00 4,463.00 9,980.00

A (inches) 6.90 10.73 12.60

BLAST RESPONSE

An explosion, either accidental or intentional, can load a structural
column in a variety of ways. If the chargs is close to the column, the blast
can result in essentially a point load (the load being equal to the overpres-
sure tines the square of the exposed column width or depth as appropriate. If
the charge is located some distance away from the column, the load is basical-
ly uniform over• the column length. Both of these loads (the point and uni-
form) are produoed by the initial blast. If the column is located along the
wall of a room, the wells enclosing that room may produce reflections of this
initial blast and may, depending upon the wall strength and charge placement,
permit the rise of a q%asi-static loading on the column. If the column is in
the open area of a room, the quasi-static pressure buildup (if any) will act
on all sides of the column and will not produoe additional deformation over
that caused by the initial blast.

The response of a structural member to a rapidly varying load is depen-
dent upon both the peak value of that load and upon the loading duration. The
precise shape of this load-time function is not important, and the triangular
pulse of Figure 6 will be used in the remainder of this paper. The impulse,
1, or area undex the load-time curve, is then given as
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i1-/2P%&Z T D (11)

whose Pugs is the peak overpressure (of force for a point load) and TD is the
load duration. iany combinations of peak overpressure and impulse will pro-
duos a specified displacement, and the compilation of these points produces a
Spressue-impulse (P-I) diagram for this deformation.

Determination of the pressue-impulse pairs was made using a single-
degroo-of-froedom (SDOF) numerical integration scheme based on the constant
velocity or lumped impulse procedure found in Biggs (3]. This procedure be-
gins with the dynamic equilibrium equation, for the undampod case,

M-I .(t). - N- - 0 (12)
y y

where 1(t) is the time-varying loading function, K is the stiffness, N is the
mass, y is the displacemont, and *Y is the acceleration. A reorrenco formula
is developed to permit extrapolation of the displacement at time station (i +
1) from data available for time stop (i) or before. The formula for this pro-
cedure is given by

yl + .2y -y - 1 )+ (At) 2  (13)

where At is the time step. The initial acceleration, j101,is generally given
as

S(O) EfM4

and the initial displacement, y(O), as

y (O) -0 (15)

This initial acceleration, Y(O), is assumed constant during the first time
step, ad the displacement at the end of this step. ,(1). is found from

y1)1. 1/2 (1o ( At) 2

The reourrence formula [Squation (15)] is thou used to follow the system re-
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CSOa"ioa (12) imPlies* that the structural resistance, R. to the applied
t oads, L1y is linear with vespect to system deflections. Th. resistance funa-
tics (force-deflection r.~ationship) used heire instead is shown in Figure 7.
lach of th. thre. phases of tite system response (i.e., elastic, elastic-
plastic, and fully plastic) is represented by maximust resistances, RM, stiff-
nesses, K, and load-mass factors, KXjj, all of which csau be found in Reference
3 or 4 for varying support conditions and load types. The load-mass factor
permits revision of Equation (12) to relate the equivalent SDOOF mass, force,
and stiffness to the original systs.. The dynamic equilibrium equation then
becomes

NOt 1(y) MY. 27 D (17)

where F(t), 1. y. and yare the values from the original system.

Doe 3!aLle-degree-of-fzoedom approaob was used to determine the pres-
sure-impulse pairs necessary to produce lateral oolum.m deflections as shown in
Figure 2 sand summarized in Tables 3 and 4 for the different column materials
and bonding directions. Results are shown in Figures 8, 9, and 10. nos pres-
sures for the uniformly loaded cases act over the entire length and width of
the exposed face while those for the point loads are assumed to act ovor 9ks
area at the center of the colusn, equal to the exposed width squared.

Now that these pressure-impulse pairs are known, all that remains I's
the determination of the high explosive quantity and distance from the siember
that will produce these critical deflecitioas. Consider first the case of uni-
form loading. A standoff distance of 10 feet from the uid-height of the col-
umn will provide a relatively uniform load along the length of the 1.2 foot
column. Consider also the case where the colran is along the wall of a build-
ing room which will produce reflections of the blast wave, Baker, et a1. (5)
hove shown that for a jontrally located detonation, there will be three sig-
nificant blast pressure pulses: the original incident, pulse of magnitude Pma~x
and duration Tit, a reflected palso of magnitude Pass/2 and duration TI, and
another relflected pulse of magnitude P,,,/4 and the same duration. Since the
initial duration, Tit, and the times between arrivals of these pulises are Sen-
*rally short relative to the structural natural period, the pulses can be comr-
bixed into a single one with an amplitude of 1.75 Pmsx. producing as impulse
1.73 times that of the initial wave. With these reflections then, the #tos-
suros and impulses of Figures 8, 9, and 10 can be divided by this 1.75 ampli-
fication factor.

The short duration of blast loads, for relatively small charges, sag-
Soogets that th. impulse portion of the P-1 diagram will be the hardest to sat-
isfy. For that reason, the procedure to determine the quantity versus dis-
tanae points is as follows:

i. For a given column and loading direction, determine the minimumt imr-
pulse and the pressure at whick it first occurs.
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2. Determine required impulse, i, and pressure, P. by dividing by

(. selet a charge -Wi ht, W, and determine W1/3. Calculate the

scaled impulse i/ l1 . Using blast overpressurelimpulge versus
scaled distanoe cUhves (slch as those in Rteference 5), determine
the scaled distanee, ZO (ft/lb 1/$) which produces the above scaled
impulse.

4. Calculate the ran&e for the charge, VW as R - Z W1/3. If I is
greater than 10 feet. the quantity-distano point is established.
Repeat steps 3 and 4 for a number of points.

S. For P, determine Z which producess this pressure. For this Z. do-
teMin6e (i/V 1 1 3 ) and set i equal to 1. This will permit calcula-
tion of W1 / 3 and, hence, V. Determine R from i - Z W1/ 3.

6. Use the Z above (where minimum impulse and minimum pressure are
achieved) and increse V. determining the range from I - Z W1/B.
This portion of the curve provides minimum pressure and extra im-
pulse.

These calculations are summarized in Figures 11 through 13.

Consider now the case of an explosive charge detonating close to the
column at its aid-height. An approach similar to that above was used wherein,
for smaller charges, the charge size and distance necessary to provide the
minimum impulse from the P-I diagrams was determined, and the pressure chocked
to see that it exceeds the corresponding minimum pressure. The charge weight/
distance pair providing the precise impulse and pressure was determined, and
then charge weight and distance were determined for cases providing that mini-

mum pressure and a greater impulse. It must be observed, however, that the
nearness of the charge to the column and the very high intensity of the blast
pulse are such that any reflections from room walls are insignificant and that
there is no 1.75 factor which can reduce the required blast pressures. Re-
sults are displayed in Figures 14, 15, and 16.

A few comments on the results displayed in Figures 11 through 16 are in
order at this time. The cusp in the curves for chatge weight versus distance
for the uniform loading case represents the transition from minimum impulse
and a higher pressure, to the left of the point, to a higher impulse for the
corresponding constant pressure to the right of the point. An arbitrary 10
foot minimum distance has been applied to approximately a uniform load over
the 12 foot column. All of the curves for uniform loading represent the use
of a 1.75 pressure-impulse factor caused by multiple reflections within a
room. This factor is based on a roughly cubical room. While many of the dis-
tances would present great deviations from this idealized room shape, the re-
flections off the roof and floor would produce an amplification factor of some
unknown magnitude. The use of the presented curves would be conservative from
a designer's viewpoint since an amplification factor of less than 1.75 is
practically assured.
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The charge weight/distance curves for the point load case (Figures 14,
15, and 16) have an arbitrary upper standoff distance of five feet to repre-
sent the end of point loading and a transition to uniform loading. If the ac-
tual loading on the entire column were considered, the curves in these figures
would shift downward for distanoes greater than one or two feet.

APPLICATION OF TRE RESULTS

While the numerical results presented above are strictly applicable to
only six certain cross-sections and loading cases. the procedures used can be
applied to any similar situation. The magnitudes of the charge weights and
distances can also serve as indicators of similar values for other columns.
These applications are explained below.

Consider first the design of a multi-story structure whose first floor
is to be used as an explosives handling area. The charge weight versus dis-
tance curves of Figures 14 through 16 could be used to prescribe how close ex-
plosive charges can be placed or carried near the columns. For example, a
200-lb charge should not be placed any closer than 1.5 feet to a corner rein-
forced concrete column (see Figure 16). This same 200-lb charge presents no
collapse-causing danger in a uniform load case.

The critical deformations calcutated earlier can also be thought of as
rotations rather than deflections (see Figure 2). Table 5 summarizes these
rotations. Current design practice for accidental explosions, as contained in
TM 5-1300 (6) indicates that partial failure will occur at a support rotation
of 120. This oriterion of 120 does not consider any axial loads while Table 5
indicates collapse of the columns at rotations of from 4.80 to 9.90. Clearly,
structural loads should bt considered in blast-resistant design.

Consider now some military implications of the calculational results.
An 8-inch artillery shell (1106) contains less than 40 pounds of high explo-
sive. As a point-load source, assuming that the casing does not reduce the
blast effectiveness, the shell must be less than 12 inches from the columns at
their mid-heights. Since there is no reliable way to detonate a shell at this
location, the round would have to hit the column. Since the widest member
considered hore is only 22 inches wide, the likelihood of a hit, and conse-
quently the likelihood of severe structural damage to a framed structure, is
very small.

A 2000-lb bomb, such as the Nk 84 with 945 pounds of explosive, is cap-
able of penatrating concrete roofs and, once inside a building, poses a very
severe threat to the structural frome. In a saiform-loading mode, this explo-
sive size has a damaging distance of from around 10 to almost 20 feet for the
different columns and orientations studied. A 500-lb bomb, euch as the Nk 82
with 192 pounds of explosive, would have limited capability in a uniform-load-
ing mode and would have damaging distances of from 1.1 to 2.0 feet as a point-
load source.
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Table 5. Critical Deformations Expressed as Rotation*

Critical
Column Bending Deformation Rotation

Denimation a) (dea ,uuuu

V 8 a 67 Strong 11.07 8.7

1 I x 67 Weak 6.05 4.8

V 12 x 106 Strong 12.20 9.6

W 12 x 106 Weak 7.08 5.6

V 10 x 211 Strong 8.46 6.7

V 14 z 211 Weak 9.31 7.4

SR. C. Corner -- 6.90 5.5

1. C. Exterior - 10.73 8.5

{ f. C. Interior 12.60 9.9

An explosive charge placed in our typical structure by a terrorist
could have its dmagling effects assessed using either the point or uniform
loading curves as appropriate to the charge looation. If the charge is in the
center of a room, for example, and the figures predict structural collapse,
one approach to limiting this damage could be removal of the nonload-bearing
roam walls to eliminate the 1.75 pressure-impulse amplification factor in-
eluded in the uniform load carves. It an explosive *har$e, which is to be
disarmed by DOD personnel, poses a collapse threat to a column, temporary
shoring could be installed to support the structural loads in the event of a
detonation.

Use results of the calculations presented here an& also be used in ac-
cident or post-attack investigations. An example of this application ca be
found in the attack on the embassy in Beirut in April 1962. An explosive-
lades track was driven into the embassy compound and detonated, removing many
of the structural supports and toppling the multi-story structure. Assume
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that the structural design was equivalent to the corner reinforced concrete
column used here. Since the detonation was allegedly outside of the struo-
tura, the 1.75 pressure-impulse amplification factor cannot be used. The *in-
imum impulse from this somber's P-I diagram (Figure 10) is 1.48 psi-seconds
with a minimum pressure of 500 psi. Table 6 contains a listing of explosive
weights ead distance ocmbinations which will satisfy these requirements. Sup-
pose now that the truck was loaded with 5000 pounds of explosive. Table 6 in-
dicates that this charge weight would have to be within 30.8 feet of each ex-
torior column to cause their collapse. Photographs of the toppled structure
indicated that many of the interior columns were also destroyed, indicating
that other factor#, such as pro-emplaced cutting charges on the columns, may
have been involved.

Table 6. Explosive Weisht/,Distance for Corner
Reinfoxced Concrete Column

Explosive Weight Distance
(lb) (foot)

500 8.3

1,000 12.3

2,000 18.3

4,000 27.0

5,000 30.8

7,000 37.3

10,000 47.4

SUMMARY

This paper has presented a methodology for investigating blast effects
on structural *olums. This procedure has boon followed on a typical urban
struvture and the effects quantified. Applications of this methodology to
both design and post-event investigation have boon outlined &ad qualitatively
Sdemointrated.
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This report presents a review of lightning warning technique. with

eiphasis on exlosive facilities and operations. An explanation of how each

technique is used to detect the presence of conditions that can lea to these

discharge, with the advantages and limitations of theme techniques is given.

In addition, an attaipt is made to show how the lightning detection hardware

can be incorporated into a facility's Hazardous Meather Plan.
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I. INTRODUCTION

Lightning can pose a severe safety hazard during explosive manufacturing
and handling operations due to very strong electric and magnetic fields that
are produced. Each of the services of the Department of Defense recognize
this threat and require that explosive operations be curtailed at the approach
of a thunderstorm. However, little guidance is given to the responsible party
in determining when a thunderstorm is about to appear over his facility. In
response to this problem, the Naval Sea Systems Command (NAVSEA 04H) has
tasked the Naval Surface Weapons Center to investigate the current state-of-
the-art in lightning detection technology and determine the effectiveness of
each technique in applications involving explosive operations. This paper is
a preliminary report of the information gained from the first phase of the
program. It will review current lightning detection techniques available to
explosive facilities and describe how each technique can be used to provide an
advance warning of thunderstorm activity.

LIGHTNING DAMAGE MECHANISMS

The protection of a structure from the effects of lightning is based on
statistical considerations of key lightning parameters. Even though
facilities that house explosive materials are well protected, it is often not
economically feasible to provide complete (100%) protection even to a "one-of-
a-kind" facility. For this reason, it is essential to have an advance warning
of lightning activity to terminate all explosive operations, or to evacuate
all non-essential personnel from the area when termination of operations is
not practical.

Lightning damage mechanisms are both mechanical and electrical in nature.
The heat produced in the lightning channel by return stroke currents, which
can reach 200 kA (200,000 amps), is adequate to burn holes in metal plates at
the attachment point, fuze wires, burn through insulators such as glass, and
cause explosions in m8sonry and trees due to the rapid expansion of trapped
moisture. The 30,000 K temperatures generated in the channel produces
pressures of over 400 psi. The expansion of the channel produces a strong
cylindrical shock wave whose pressure decreases with the square of the
distance from the channel, until it becomes thunder. In addition, the return
stroke currents produce mechanical forces which can crush metallic conduits,
pull wires from walls, and arc through insulating materials. These mechanical
effects are generally associated with a direct lightning strike and typically
result in much physical damage at the point of attachment.

In contrast to the mechanical damage mechanisms, the electrical damage
mechanisms can also be caused by distant lightning. Each lightning stroke
produces an electromagnetic wave due to the rapidly changing return stroke
current. This electromagnetic pulse induces currents in closed loops of wire
and exposed conductors such as overhead power lines, telephone lines,
instrumentation lines, and detonator leads. The resulting surges can cause
severe damage due to arcing if not properly protected.

With the advent of plant modernization came the increased use of solid-
state electronics in explosive operations. These electronic devices are much
more susceptable to transient over-voltages and surges, requiring much less
energy to cause catastrophic failure. The use of devines of this type in
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manufacturing facilities where an immediate shutdown is not practical,
requires that a programed shutdown be inititated well before a thunderstorm
reaches the facility. However, equally important are the economic
considerations due to a shutdown when no lightning hazard exists.

The primary task of the Thunderstorm Hazards to Ordnance Researoh (THOR)
program is to determine when explosive operations should be curtailed due to
lightning hazards and define the warning levels adequate for each type of
warning technique. This is a very complex problem and will take the reduction
of years of lightning detection data from differing geographical locations.

WARNING REQUIREMENTS

The first step In selecting a warning device is to determine how much
advance warning is required. As stated earlier, lightning can create a
hazardous condition well before it reaches the looation of the explosive
operation. In addition, the spatial separation of suocessive strikes is about
3km (2mi.) with separations of up to 10km (6mi.) recorded.

The amount of warning time required from a lightning detection system
will vary considerably from facility to facility. The following factors
influence the amount of warning time necessary:

1. Type if operations being conducted and the sensitivity of the
ordnance being handled in that configuration -

For example, a missile in its "all-up" configuration with
electrical out-of-line devices is much less sensitive than a
detonator with its firing leads attached. In addition, the
sensitivity of electronic control systems must also be considered
in modern manufacturing plants where an immediate shutdown
introduces an unacceptable hazard.

2. Length of time required to terminate operations -

Explosive operations that require only minutes to terminate need
less sophisticated warning systems than will a manufacturing
plant that may require an extended period to complete a
programmed shutdown.

3. Schedule criticality -

Sites with little incidence of lightning activity can afford to
be much more cautious in terminating operations than a site that
will experience greater than 60 thunderstorm days per year. For
operations whose scheduling is critical, the early warning of
lightning activity is a critical problem.

4. Location of operations -

The orographic effect due to the location of the facility is
often critical in determining the type of storm warning
necessary. Mountains and large bodies of water often provide
some of the conditions necessary for the development of
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1 t thunderstorms. Facilities near orographio features such as these
may find a larger number of storms building directly over their
facility than would a plant in a flat, open area. Storms also
tend to follow these features in terrain during their normal
movement. In addition, the geology of the area can be Important.
Lightning has been observed striking in a valley Just below
cliffs that are composed of high resistivity earth.

5. Typical storm characteristics -

An experienced observer at an ordnance facility can often
forecast the onset of a thunderstorm because of the years of
observation of the characteristics of these storms. Some of
these characteristics are the type of storm normally experienced,
typical direction of speed of storm movement, typical times of
day of storm ocourance, and normal ambient conditions leading to
storm. The experienced observer can use the observed deviation
in these characteristics to see how useful each can be when
trying to decide whether to terminate operations or not.

The relative importance of each of these factors will vary with each
individual operation. In addition, some operations may have some factor that
influences the type of warning system necessary that is peculiar to that
particular operation only. Therefore, before selecting a warning system each
operation performed at the facility should be considered.

(3
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I1. LIGHTNING WARNING TECHNIQUES

It is not yet possible to make accurate lightning forecasts for any given
location, but It Is possible to detect the occurance of distant lightning and
detect the conditions that can lead to lightning, and thus a nearby discharge.
Some detection techniques are still primarily research tools and are not yet
advanced enough to be used reliably as a warning device. An example of these
are the detection of the optical and audible spectrum of lightning. Research
in these areas have not been directed toward lightning location except in
crude form. For example, the difference in propagation time between the light
and sound waves produced by lightning is used today at many facilities for
locating the distance from a storm. AFR 127-100 states that a storm is "in
the vicinity" when the difference In time between seeing the lightning flash
and hearing the thunder (referred to as flesh-to-bang time) is 15 seconds or
less, which places the flash about 3 miles away. However, as reported
earlier, the spatial difference In successive flashes can be as much as 6
miles. Moore, et. al. (1982), suggests that if the flash-to-bang technique is
used for lightning location, at ordnance facilities, the storm should be
considered in the vicinity when this time reaches 30 seconds or less.

The flash-to-bang technique has some serious limitations. Uman (1969)
reports a case where thunder was not audible from a storm only 5 miles away.
If the flash-to-bang technique is used, it is imperative that the responsible
authority also know the speed of the movement of the storm at the time It
approaches the vicinity of the facility. This speed can vary greatly from
storm to storm, averaging 10 to 45 miles per hour, and even during the same
storm. Although thunder can be heard from as much as 15 miles away, the
operations carried out at ordnance testing facilities can mask this thunder
until the storm is already "in the vicinity".

The flash-to-bang technique is prone to false alarms, also. Due to
Irregularities in the velocity and direction of storm movement, it is
impossible to determine whether or not the storm will pass over the facility.
This technique therefore is limited to applications at facilities which have
few thunderstorm days per year and the scheduling of operations is not
critical.

WEATHER FORECASTS

Local radio and television weather forecasts are generated with
information from the National Weather Service, based on the statistical
analysis of many meteorological inputs. These forecasts only predict the
probability of a thunderstorm ocouring during the day in the given forecast
area. This does not mean that the storm will pass over the facility. This
method is unreliable when used alone due to the expansiveness of the forecast
area and the lack of a defined time when the storm will occur.

NATIONAL WEATHER SERVICE

In addition to the climatological data supplied by the weather service,
weather radar is often used to determine the location of thunderstorm
activity. Kasomir (1976) reported that it is probably the temperature rather
than altitude that determines the onset of electricification. However, the
higher the altitude a cloud reaches, the lower the temperature becomes.
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Cumulus clouds with tops below 16,000 feet do not contain electric fields
adequate to generate cloud-to-ground lightning. When these cloud altitudes
reach 25,000 feet or more, the fields in the cloud reach adequate levels to
generate breakdown.

The National Weather Service radar displays can accurately identify the
precipitation center of a cloud and determine from the density and altitude of
the radar reflection whether this aloud is likely to contain lightning
activity. However, Burger (1967) cites events showing that detonation of
explosive devices can occur as much as 5 miles from the precipitation center
of a storm. In addition, the radar data available is approximately 30 minutes
old before it is released and the position of the storm could be as much as '5
to 20 miles off from the actual location by the time the information is used.

ELECTRIC FIELD MEASUREMENT

Under fair weather conditions, the electric field at the surface of the
earth is generally +100 V/m. As a thunderstorm begins to build, the electric
field gradient starts to increase. This change in the static electric field
can be detected and then used to determine when local conditions are adequate
for lightning to occur.

Changes in the static electric field can signal the approach of a storm.
Figure (1) illustrates the charge distribution of a typical thunder cloud
cell. As a charged cell approaches, the fair weather field becomeS masked by
the positive charge in the top of the cell, increasing the amplitude of the
electric field gradient. As the cell gets closer, the negative charge at the
base of the cell becomes more prominent and the electric field begins to
change polarity. As the cell moves directly overhead, the electric field
reaches its maximum negative value. Once the cell passes the measuring point
the field again reverses polarity and finally relaxes to its fair-weather
value.

FIELD MILL

The "field mill" is the most accurate and widely used device to measure
the static atmospheric electric field. It measures the strength and polarity
of the local electric field by having It alternately charge and discharge an
electrode, which produces an alternating current whose amplitude is
proportional to the magnitude of the external electric field. The information
produced by the field mill is normally output on a strip-chart recorder to
observe the onset of cloud electrification and track the passage of a storm.

In addition, the fast response time of the field mill allows It to detect
the electric field changes produced by lightning. Figure (2) shows the output
of a field mill for a storm recorded by C. B. Moore on 7 August 1979. The
sharp discontinuities in the trace are due to lightning. The magnatude of the
field change due to this lightning is somewhat proportional to the distance
from the discharge. Most field mills marketed today use a combination of the
static and dynamic electric field measurements to determine whether a lighting
hazard exists.
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The field mill can alearly indicate the presenoo of electrically
disturbed weather patterns, but it has limitations. The device can only
measure the atmobpheric disturbances for the area immediately overhead, which
can limit its warning time. In addition, it is easily influenced by the
presence of space tharge due to corona from nearby objects which can mask a
much larger field strength &loft. To illustrate, Kasemir (1976) has detected
lightning discharges when the surface field was only 600 V/m even though point
diezoarge does not normally occur at field strengths below approximately
3000 V/m. Finally, the field mill is a sensitive research tool that is
difficult to interpret when more than one stom cell is present, requires
maintenance at periodic ihtervals, is sensitive to site location, and a go/no
go critmria for alarm Is Giffloult tp establish. However, used in an array
with the go/no go oriteria specified in NAVSEA OP-5 (2000 V/im), the field mill
"nan be a valuable tool for a safety director in evaluating the development of
hazardous conditions due to lightning.

CORONA CURRENT

The corona current detector is the simplest measuring technique that can
be used to deteraine the onset of a thunderstorm. As discussed earlier,
strong e&ectric fields are generated in thunderstorms, however, these fields
are rarely observed to reach values over 15 kV/m over land surfaces. This
phenomenon is due to corona discharges that occur at the tips of trees,
bushes, towers, and other sharp objects attached to the earth. The space
charge generated by the corona creates a screening layer that reduces the
magnitude of the electric field at the ground. Although this space charge can
limit the effectiveness of a field mill due to this screening, its generation
can be used to detect potentially hazardous conditions.

A sharp point raised some height above a ground plane (earth) causes an
enhancement of the atmospheric electric field around the point. This
discharge process is initiatea in a small volume of air close to the tip. As
electrons, are accelerated in the field, collisions with gas molecules ionize
these gas molecules which release more electrons. This process, called
electron avalanche, continues until a corona discharge is produced to decrease
the concentration -f the local electric field.

The value of the corona current produced by the point depends on the
strength of the electric field, the presence of other points in the area,
height of the point, curvature of the tip, and local wind speed. Therefore,
for a given wind speed, the corona current is directly proportional to the
electric field strength.

Although simple to build and instrument, the corona current detector has
limitations. The wind speed is very important when determing warning levels
of corona current. In addition, the system is not responsive to field
strengths of less than approximately 1000 V/im, resulting in little advance
warning.

RADIOACTIVE PROBE

Radioactive probes can also be used to measure the atmospheric electric
field. These probes can be designed to measure either corona currents or
voltage potentials; although all devices available commercially measure only
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the voltage potentials. In either case, the radioactive material (polonium or
tritium) is used as a source of ionization. Though their response time is
slow, the probes are reliable and accurate.

In contrast to the corona current detector, the radioactive probe is less
reliable in calm winds than in strong winds. In addition, the radioactive
source must be changed about once a year to maintain adequate sensitivity.

SPHERICS

A sudden change in current flow will produce an electromagnetic wave that
can be detected from a considerable distance. The waves produced by lightning
currents are capable of propagating thousands of miles even though the
strength of the signal decreases with distance. It is estimated that over the
surface of the earth there are approximately 100 flashes every second. These
waves are trapped by the earth's atmosphere and form a continuous background
of crackling noise (static) on all but the highest frequency bands. These
radiated waves, called atmospherics or spherics, can be detected and used to
determine the actual location of the lightning discharge.

FLASH COUNTER

The flash counter is a narrow-band receiver designed to detect the
electromagnetic wave produced by lightning or the electric field change which
results. The counter detects the flash, computes its range, and displays the
number of discharges occuring in preselected ranges. The most popular ranges
used are 100, 50, 25, and 10 miles. By observing the number of discharges per
range, one can determine the distance of the storm from the site.

Counters that detect the radiated wave follow the relationship that the
amplitude decreases linearly with distance. These counters have a greater
range than those that sense electric field changes. However, the
electrostatic field change decreases with the cube of the distance, resulting
in greater accuracy in the decreased range.

The flash counter also has limitations. The range information is based
on the theory that each discharge is of average intensity, although Berger
(1975) and others indicate these values can vary greatly (7 to 10 dB standard
deviation). In addition, nearby intra-cloud lightning may be detected as a
distant earth flash. Although the counters do not indicate direction of storm
movement, the device can bi used effectively at facilities where storms do not
generally build overhead and the mature storms moving into the area always
come from the same direction.

AZIMUTH/RANGE LOCATOR

The location of distant lightning by using two crossed loops arranged at
right angles is an old, well established technique. The system responds to a
narrow band in the VLF frequency range. The range of lightning location is
determined the same way as does the spherics flash counter. To determine
bearing, the ratio of signal amplitudes are compared. A monopole electric
field antenna furnishes polarity information to eliminate the 1800 ambiguity
in bearing. The resulting location is generally displayed as a po'int on a
CRT. The technique is relatively simple and has been used in land-based
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systems and in aircraft. Some variations of this technique use a wide-band
amplifier tuned to somewhat higher frequencies to eliminate some problems
caused by the reradiation of the magnetic field.

Although the conventional crossed-loop locator has an effective range of
up to 200 kilometers (km), iý is inaccurate at close ranges. Bearing errors
have been known to exceed 20 at ranges of less than 150 km due primarily to
the horizontal components of the electromagnetic wave and reradiation of the
wave by metallic bodies, buried conductors, or the ionosphere. Krider, et.
al. (1976) devised a wideband system that samples the magnetic field at its

peak, where the lightning channel is most vertical. However, this system is
still subject to bearing errors due to the reradiation of the wave which can
be a problem at military facilities where security fences are used
extensively.

CROSSED-LOOP TRIANGULATION

The accuracy of a crossed-loop location system can be enh:anced greatly by
using three or more antennas to locate the same flash. Figure (3) is a block

diagram of a typical triangulation network. The range and bearing information
from each of the antennas is fed to a central computer where the data is
analyzed statistically and the ground strike location is determined and
plotted on a CRT.

Lightning Location and Protection Inc., the manufacturer of the
crossed-loop triangulation system, has developed software to try to reduce the
effect of the reradiated waves. The system is used operationally by the
Bureau of Land Management and several utility companies, and is also used as a
research tool by many studying key lightning parameters.

The major disadvantages to this type of system is the cost and the
criticality of antenna site selection. The optimum site for an antenna would
be in a large field with no buried conductors or metallic objects nearby.
Sites such as this are not common at most military facilities. However,
triangulation networks now cover a large portion of the United States and in
these areas use of the system could be economical.

TIME-OF-ARRIVAL TRIANGULATION

The time-of-arrival (TOA) triangulation network is identical to the
crossed-loop network with the exception of the detection method used. In a
TOA network, each antenna detects the spherics wave and labels the time the
wave was received. The information from each antenna is transferred to the
central computer where it is analyzed and plotted. The system operates in the
VHF frequency band and is not affected by reradiated waves. Pierce (1977)
states that this is a very powerful technique, but it has not been practical
to implement in the past. Today's technology in electronics now allows the
precise timing of the received signal and therefore very accurate lightning
location over a large area. The major limitation of this system to date is
that it is not a proven system as is the crossed-loop system, but preliminary
evaluations show it to be promising. In addition, antennas for the TOA
network are not site sensitive, which may be important at military facilities.
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III. EVALUATION OF TECHNIQUES

The Bureau of Mines sponsored an evaluation of six lightning warning
devices during the summer of 1979 because of their concern in using detonators
in blasting operations. The results of the study were reported by Johnson,
et. al., in the May 1982 Journal of Applied Meteorology. These results are
summarized in tables 1 and 2.

Data were gathered from three locations which have different tipes of
characteristic storms. As shown in these tables, the triangulation locator
exhibited the best overall performance, although it is the most expensive to
operate. In addition, the radioactive probe and fleld mill consistently gave
20 minutes or greater warnings, but both had high failure-to-alarm rates. In
summary, no system was found to be ideal in all ctegories. A decision on the
type of system required by a facility should be based on a tradeoff of the
characteristics which are most important to tme operations being conducted at
the facility and the systems ability to meet these criteria.

844 K

fI



uiq

.CL r ,•! i . l i e"

.@ ..... ....

II

Ju



*1U

U 3 3CA

20
- ___

~~~ i a ~ ~$46



IV. SUMMARY/CONCLUSIONS

I (In sumary, the major lightning detection techniques have been reviewed
and their respective limitations discussed. No single system or single
technique has been found that can reliably detect a mature storm moving into
the area and a storm that may be building directly overhead. The field mill
and radioactive probe were found to have promise, but were not 1OOS reliable.
Although expensive to purchase and operate, the traingulation locator is the
most sophisticated technique available, but cannot detect storms building
direotly overhead.

1 The optimum solution to the advance warning of potential lightning
it hazards seems to be a combination of techniques based on spheriOs detection

Sand the electric field measurement. The selection of equipment should be
based on actual detection requirements, frequency of lightning activity,
scheduling criticality, and cost. At this time, it appears that the most
reliable combination available would be a triangulation network for long range
detection and tracking of mature storms, with a field mill array to detect the
development of dangerous fields building directly overhead.

4



BIBLIOGRAPHY

Anderson, R. B., "Measuring Techniques," Lightning, Volume 1-Physics of
Lightning (edited by R. H. Golds), Academic Press, London, 1977.

Barlow, J. S,, Frey, Jr, G. W., and Newman, J. B., "Very Low Frequency
Noise Power From the Lightning Discharge," Office of Naval Research,
Contract No. N6-ONR-24311, September 1954, pg. 187-203.

Berger, K., "The Earth Flash," Lightning, Volume 1-Physics of Lightning,
(edited by R. H. Golde), Academic Press, London, 1977.

Boggs, S. A., and Stone, G. C., "Fundamental Limitations in the
Measurement of Corona and Partial Discharge," IEEE Transactions on
Electrical Insulation, Volume EI-17, No. 2, April 1982, pg. 143-150.

Brooks, M., and Ogawa, T., "The Cloud Discharge," Lightning, Volume
1-Physics of Lightning (edited by R. H. Golds), Academic Press,
London, 1977.

Burger, J. P., and Rost, D. L., "Preliminary Report of the Initiation of
Various Types of Electroexplosive Devices by Induced Lightning,"
NTIS Report AD 827746, 1967.

Chalmers, J. A., Atmospheric Electricity, Pergamon Press LTD, Oxford, 1967.

Chauzy, S., and Raizonville, P., "Space Charge Layers Created by Coronae
at Ground Level Below Thunderclouds: Measurements and Modeling,"
Journal of Geophysical Research, Volume 87, No. C4, April 20, 1982,
pg. 3143-3148.

Cianos, N., and Pierce, E. T., "Methods for Lightning Warning and
Avoidance," SRI Technical Report, May 1974.

Cianos, N., and Pierce, E. T., "A Ground-Lightning Environment for
Engineering Usage," Stanford Research Institute, Technical Report
TR-No.1.

Dennis, A. S., and Pierce, E. T., "The Return Stroke of the Lightning
Flash to Earth As a Source of VLF Atmospherics," Journal of Research
NBS/USNC-URSI, Volume 68D, No. 7, July 1964, pg. 777-794.

Deparment of The AirForce, AFR 127-100, "Safety Manual,".

Department of Defense, MIL-HNDK-419, "Grounding, Bonding, and Shielding
for Electronic Equipments and Facilities," Volume 1, 21 January 1982.

Department of Defense, MIL-HNDK-419, "Grounding, Bonding, and Shielding
for Electronic Equipments and Facilities," Volume 2, 21 January 1982.

Durfee, G. H., "Effects of Lightning on Electrostatic Fuzing Systems,"

Genoral Electric Technical Report TR-R59SD390, July 1959.

848

8. ! UnJ



Gething, P. J. D., Radio Direotion-Finding, Peter Peregrinus LTD, London,

1978.

Golde, R. H., Lightning Protection, Edward Arnold LTD, London, 1973.

Greene, D. R., and Clark, R. A., "An Indicator of Explosive Development
in Severe Storms," 1971.

Gumley, J. R., "Lightning Prediction Techniques," Electrical Engineerinj
Transactions, Institute of Engineers, Australia, 1973, Pg. 13-18.

Horner, F., and Bradley, P. A., "The Spectra of Atmospherics From Near
Lightning Discharges," Journal of Atmospheric and Terrestrial
Physics, Volume 26, 1964, pg. 1155-1166.

Johnson, R. L., Janots, D. E., and Hay, J. E., "An Operational Comparison
of Lightning Warning Systems," Journal of Applied Meteorology, May
1982, pg. 703-707.

Kasemir, H. W., "Final Report to KSC Contract Number CC-59753,"
NOAA-APCL Technical Report June 1976.

Krider, E. P., Noggle, R. C., and Uman, M. A., "A Gated Wideband Magnetic
Direction-Finder for Lightning Return Strokes," Journal of' Applied
Meteorology, Volume 15, 1976, pg. 302-306.

Latham, J., and Stromberg, I. M., "Point-Discharge," Lightning, Volume
1-Physics of Lightning (edited by R. H. Golde), Academic Press,
London, 1977.

Lee, W. R., "Lightning Injuries and Death," Lightning, Volume 2-Lightning
Protection (edited by R. H. Golde), Academic Press, London, 1977.

Malan, D. J., Physics of Lightning, English Universities Press LTD,
London, 1963.

Moore, C. B., Brook, M., and Krider, E. P., "A Study of Lightning
Protection Systems," The Office of Naval Research Contract No.
N00014-78M-0090 Final Report, October 1982.

Naval Sea Systems Command, NAV3EA OP-5, "Ammunition and Explosives
Ashore," Volume 1, Fourth Revision, 15 October 1974.

Naval Surface Weapons Center, "Ammunition Evolution Curtailment at Sea
Due to Thunderstorms; Criteria for," NSWC ltr DT-52:RAV:ac 8000,
SAFEORD, DU 1L - 2C, 17 September 1975.

Naval Surface Weapons Center, "Thunderstorm Hazards to Ordnance," NSWC
ltr N42:MAG:rsm 8020 of 28 August 1980.

Nordgard, J. D., and Chen, C. L., "Lightning-Induced Transients on
Buried Shielded Transmission Lines," 1975 IEEE Symposium on EMC,
September 1975, pg. 3AIC1-3AIC3.

-" .9



Orville, R. E., and Salenave, L. E., "Lightning Speotroscopy -

Photographic Techniques," Applied Optics, Volume 9, August 1970,
pg. 1775-1781.

Parekh, H., and Srivaatava, K. D., "Effect of Avalanche Space Charge Field
on the Calculation of Corona Onset Voltage," IEEE Transactions on
Electrioal Insulation, EI-14 No. 4, August 1979, pg. 191-192.

Parker, L. W., and Kasemir, H.' W., "Airborne Lightning Warning Systems:
A Survey," AFGL-TR-80-0226, July 1980.

Pierce, E. T., "Atmospherics and Radio Noise," Lightning. Volume 1-Physics
of Lightning (edited by R. H. Golde), Academic Press, London, 1977.

Pierce, E. T., "Latitudinal Variation of Lightning Parmeters3, Journal
of Applied Meteorology, Volume 9, February 1970, pg. 194-195.

Pierce, E. T., "Lightning Location and Warning Systems," Lightning, Volume
2-Lightning Protection (edited by R. H. Golde), Academic Press,
London, 1977.

Prentice, S. A., "Frequency of Lightning Discharges," Lightning, Volume
1-Physica of Lightning (edited by R. H. Golde), Academic Press,
ondon, 1977.

Salanave, L. E., "The Infrared Spectrum of Lightning," IEEE Region Six
Conference Record, 1966.

Salanave, L. E., "The Optical Spectrum of Lightning," Science, Volume 134,
No. 3488, 3 November 1961, pg. 1395-1399.

Schonland, Sir Basil, The Flight of Thunderbolts, 2nd edition, Claredon
Press, Oxford, 1964.

Standler, R. B., and Winn, W. P., "Effects of Coronae on Electric Fields
Beneath Thunderstorms," Quarterly Journal of the Royal Meteorological
Sooiety, Volume 105, No. 443, January 1979, pg. 285-302.

Stansfield, R. G., "Statistical Theory of D. F. Fixing," Ministry of Works

Technical Report, 1947.

Uman, M. A., Lightning, McGraw-Hill, New York, 1969.

Uman, N. A., Lin, Y. T., and Krider, E. P., "Errors in Magnetic Direction
Finding Due to Nonvertioal Lightning Channels," Radio Science,
Volume 15, No. 1, January - February 1980, pg. 35-39.

U. S. Army Materiel Development and Readiness Command, DARCOM-R 385-100,
"Safety Manual", 17 August 1981.

Weidman, C. D., and Krider, E. P., "The Fine Structure of Lightning
Return Stroke Waveforms," Journal of Geophysical Research,
Volume 83, No. C12, December 20, 1978, pg. 6239-6247.

J-A _-

I



Winn, W. P., and Byerley, III, L. G., "Electric Pield Growth in
( Thunderclouds," Quarterly Journal of tho Royal Meteorological

Society, Volume 101, 1975, pg. 979-994.

kI

~~.



DIELECTRIC RADIO FREQUENCY HEATING
"___ -- " .. OF PROPELLANTS

* I" INCIDENT INVESTIGATION AND APPLICATIONS

by

C; Melvin C. Hudson

SC Naval Ordnance Station

C Indian Head, Maryland

law "ABSTRACTj N

v\ Double-base propellant is heated to ease extrusion by utiliz'ng the

propellant dielectric properties in a radio-frequency oscillatory circuit.

This paper presents information developed during investigation of a seriesJ t. of fires which were found to he related to the heating methodology and di-
electric properties of the propellant. The content of this paper was

extracted from reports and memorandum prepared by the incident investigation

team of Chester E. Davis, E. Gordon Powell and the author. That the first

i1 two members were the major contributors to the investigation team is
! acknowledged.

This paper prepared for presentation at the 20th Department of Defense Explo-
sives Safety Seminar, 24-.26 August 1982, the Omni International Hotel, Norfolk,
Virginia, USA.0 A5

- • . . .... .. ...... . ;: " = "" P" -"• :" L-• ,,. •t:



DIELECTRIC RADIO-FREQUENCY HEATING OF PROPELLANTS
by Melvin C. Hudson

Double-base propellants are extruded to form rocket motor grains. Hydraulic
presses and dies are utilized and the process is well documented. To ease extru-
sion, the propellant is softened by heating, normally to 130-1400 F. Heating is
accomplished basically in two ways; oven heating or radio-frequency heating
utilizing the dielectric properties of the propellant. Problems encountered and
information developed while utilizing dielectric heating at the Naval Ordnance
Station are summarized in this discussion.

To assure understanding, a brief familiarization with the double base propel-
lant process is in order. In this process, the ingredients, nitrocellulose, nitro-
glycerin, plasticizers and burning rate modifiers are mixed together in a water
damp paste. This paste is put through heated rollers to drive off the water and
give desired physical properties. The product of these rolling mills is a sheet,
nominally 0.080 inch thick. These sheets are cut into strips 4 inches wide which
are rolled into right circular cylinders called carpet rolls (nominally 15 inch
diameter). The carpet rolls are heated and placed in the extrusion press for
forming the propellant into rocket motor grains. The two principal means of
heating the propellant carpet rolls are thermal ovens and dielectric heaters.

The thermal method of heating requires the carpet rolls be placed in an oven
and allowed to come to a uniform temperature throughout. Because the carpet roll
is fairly thick, a considerable period of time is required to attain desired tem-
perature in the center. Also the thermal oven must be set near the final temper-
ature desired for the propellant and this reduces thermal force and results in
long heating periods. For these reasons, the thermal ovens are known as "soaking"
ovens. Problems associated with soaking ovens are the investment in ovens re-
quired to support even a modest production capability and the effects of extended
thermal soaking on the propellant. Of the latter, the major effects are volatili-
zation of plasticizer and hardening of the propellant. Consequences are process
and quality problems in the extrusion of carpet rolls to form propellant grains.

The second method of heating, that is dielectric heating, applies a high or
radio-frequency electric field to carpet rolls situated as the dielectric in a
parallel plate capacitor as shown in Figure 1. This is basically a resonant
capacitive-inductive circuit. The electric field takes effect throughout the
propellant thus eliminating thermal diffusivity as a factor. Heating time is
reduced from- 24 hours for soaking ovens to A-20 minutes.

The phenoqima involved in dielectric heating can be simplified to the follow-
ing concepts:.L)

a. The electric field potential gradient causes distortion and orientation

of atoms and molecules by displacement of electrons with respect to the nucleus;

b. Both polar and non-polar molecules are affected;
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c. The effect of the displacement is to reduce the field gradient within
1% the dielectric material.

These concepts are illustrated in Figures 2 and 3.

To digress a bit, note that both metallic conductors and dielectric or non-
conductors can be heated by radio-frequency fields. The phenomena involved are
different but pertinent to some of the events to be discussed. In heating con-
ductive (metallic) materials, the imposed electric field induces motion of free
electrotis. Resistance to their motion by the'atomic matrix results in heat
generation. This is known as inductive heating and has extensive application.
Suffice for this discussion to visualize conditions occurring within a conductor
located in an electric field; the free electrons concentrate at extremities and
negate the field within te conductor thus creating concentrated charges and high
electrical potentials.

Returning to dielectric materials whi'ch have few free electrons, the distor-
tion and displacement of atomic and molecular charges and resistance of the
material matrix to orientation generates heat. As these phenomena occur through-
out the material, heating does also..

An aid to visualizing the properties of the material in an electric field is
to determine an equivalent circuit for the material. The basic circuit illus-
trated by Figure 4 shows that if a field is applied across a cube of material,
the admittance (reciprocal of impedance) has both a capacitive or susceptive
component and a conductive component. The conductive/resistance component is
representative of metallic response; susceptive/capacitive component is repre-
sentative of dielectric response to imposed fields. Note that when high fre-
quency changes are made in the field, the molecules and electrons do not have
time to achieve equilibrium with the field. This creates conditions such as
anomalous dielectric dispersion.(3)

The admittance of RF electrical energy into a material equivalent clry,
can only be described in mathematical terms by complex number notation.•i•114)
This notation utilizes real and imaginary components. Application includes
real and -imaginary terms in the power factor, a concept involved in supplying
energy to a dielectric in a resonant capacitive-inductive circuit and in other
alternating current electrical circuits. In vector notation, the angle between
vectors representing capacitor charging current and total current is the loss
angle. The loss tangent or dissipation factor is the ratio of loss current to
charging current.

The preceeding remarks were intended to give a brief familiarization with

the nomenclature of extruded double-base propellant processing, RF heating,
and dielectric material phenomena. More detailed discussion can be found in
references 1 thru 4 and any good text on high frequency electrical circuits.
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There are various conditions inherent in dielectric heating which should be
mentioned. Some that are important but not well characterized are changes which
occur in the materials conductivity, dielectric constantand power factor or loss
tangent as the frequency and material temperature vary. For example, as the
material heats up, its electrical parameters change which cause change in the
resonant frequency of the circuit. The dielectric constant, power factor and
conductivity all vary with frequency. Also, it is important to note that a
general property of dielectrics is for the imaginary part of the dielectric
constant to increase with temperature. These interactions can lead to proper-
ties changes causing frequency shift toward better coupling and greater energy
absorption by the dielectric. Sometimes these can cause problems in controlling
heating of propellant.

Another condition which occurs is creation of standing waves, i.e., non-
uniform voltage distribution. This is a function of electrode dimensions and
wave length. Standing waves can be tuned out, however, they and the material
characteristics previously mentioned can generate significant potential gradi-
ents within the material.

At Naval Ordnance Station, Indian Head, RF dielectric heaters have been uti-
lized for heating propellant carpet rolls. The propellant enters the circuit
as the dielectric in a parallel plate capacitor arrangement as illustrated in
Figure 1B. Note that Figure 1A shows insulating rubber pads which separate the
propellant from all metal surfaces. This eliminates direct application of high
electrical potential from a conductor to the propellant. The pads are of low-
loss dielectric material.

During the period 1950 to 1973, ten fires had occurred in the high fre-
quency heaters. In most of these, foreign material or defects in the insulat-
ing cover of the electrode plates were considered as the most likely cause.
For example, a metal stem thermometer for determining propellant temperature,
if left in the carpet rolls during heating, can cause localized heating. The
metal conducts in the applied electric field and concentrates the field at
edges and points. This concentrated field causes localized heating in the
propellant and could result in an arc. As these would occur within the carpet
roll where the thermometer is utilized, ignition is a possiblity. Other pos-
sible causes are water which is a highly polar molecule that may lead to loca-
lized concentrated fields and corona and arc discharge from various parts of
the heater. Minor amounts of water are considered likely to evaporate before
ignition temperature is attained. Corona discharge and arcs have been observed
however they consistently are located on parts of the heater remote from the
propellant.

In 1973, and early 1974, a series of five fires occurred with one particu-
lar propellant. As the investigations progressed from one fire to another,
the obvious foreign item causes were ruled out. This led to the conclusion
that the ignition cause was involved in heater operation and propellant proper-
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ties. Following paragraphs discuss items considered and action taken without
regard to chronology except that intensive effort was initated after the fourth
fire and the fifth fire occurred during this time.

Note that this was the first aluminized propellant subjected to dielectric
heating. Limited tests had indicated that aluminized propellant could be
heated safely. Over 1 1/4 million pounds had been heated prior to the first
fire so aluminum can not be considered the sole cause of ignitions. X-ray
examination of carpet rolls from the lot involved in the last fire showed
areas -1/16 inch diameter with increased attenuation. Visual examination
did not reveal any cause for the attenuation and the propellant was subsequently
dielectrically heated and extruded without incident.

The possibility that corona discharge or arc discharge was the ignition
source was considered. Operating personnel had occassionally observed corona
discharge during normal operation of the heaters. However, the corona was
always observed on parts of the heater some distance from the propellant. One
function of the insulating pads is to smooth the interface between propellant
and electrodes and eliminate sharp points which are likely sources of discharge.
Also, tests indicated the propellant in question would withstand current densi-
ties substantially in excess of typical corona discharge for a time longer than
the cycle time of the heater. Hence corona discharge was considered an unlikely
cause but the sharp edges of conductors were blunted to eliminate high field
potential points that cause discharge.

Arc discharges were considered a less probable cause than corona as none
had been seen or heard and plate current meters had not indicated erratic
fluctuations typical of arc discharges. Tests indicated arc discharge current
density was capable of igniting the propellant. Regardless, the absence of
evidence of arc discharge under any condition of heater operation led to the
conclusion that they were not the cause of the fires.

Foreign material in the propellant or facility was considered. Metallic
foreign material discussed previously in regard to fires prior to 1973, was
ruled out for lack of evidence. Also, experienced operators were in charge
and thoroughly inspecting for foreign material. Dielectric foreign material
was determined unlikely after determining the dielectric constant of the pro-
pellant as few materials have a constant with an imaginary part which exceeds
that of the propellant. Ordinary water is one but was ruled out as known not
to be present in most of the fires. In any case, minor amounts of water would
tend to vaporize before ignition temperature is reached.

Possible erratic problems with the heater operations were considered. Manu-
facturer service personnel inspected the equipment following one of the fires.
In this effort, the RF voltage sensor was relocated from the power supply to( the heater plates in order to measure the voltage impressed across the propellant.
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Parallel measurements across the propellant and the generator output were taken
during the change. As expected, the voltage across the capacitor (heater plates)
in the resonant inductive-capacitive series circuit was higher than the voltage
across the total circuit measured at the generator output. Based on these
limited results, the voltage across the propellant was reduced by retuning the
RF generator. Output voltage was reduced from 4-5 kilovolt to 1.5-2 kilovolts.

During the investigation following the fifth fire, operators mentioned that
the plate current meter readings were always higher with the aluminized propel-
lant. Also, there had been a gradual increase in heating rates in the interval
between fires. Periodically control adjustments had been made to keep within
the 3 I/2 0 F/munute heat rate. A specific cause of the increase in heating rates
was not determined. Two possibilities are a gradual change in propellant pro-
perties or drifting of the heater electronics. The first might explain the on-
set of fires after more than a million pounds of incident free operations. The
second, drifting of heater electronics, had not been a detectable phenomena in
prior operations with any propellant. Drifting may have occurred by some subtle
feedback mechanism. This conjecture is based on the subsequent finding that
the heaters having fires were tuned such that as the propellant heated, the
change in dielectric properties caused the RF generator frequency to shift to-
ward better resonant coupling. This produces higher voltage across the propel-
lant which in turn causes higher heating rates, a feedback situation. If there
was initially any localized inhomogenity in the propellant in either temperature
or dielectric properties, the feedback could result in a localized thermal run-
away situation. The higher the temperature in the inhomogeneous element, the
faster It heats. If the localized heating rate exceeds the thermal diffusivity
then ignition temperature can be reached. Unfortunately, no localized inhomo-
genities could be found though this was not considered as confirming their
absence.

Eventually, the dielectric properties of the aluminized propellant NOSIH-
AA-6, were hypothesized to be directly involved in causing fires. An investiga-
tion of these properties was made in comparison to N-5 propellant which had
extensive history without fires. Tests were also made on a "non-hazardous"
dummy propellant of nitrocellulose, dibutyl phthalate and aluminum that is
sometimes used to check extrusion processing. Results were that the real part
of the dielectric constants of AA-6 and N-5 were about the same (approximately
10). As hypothesized, AA-6 showed an imaginary part of the dielectric constant
about twice that of N-5. The dummy propellant had a real dielectric constant
lower than N-5 or AA-6 but the imaginary part greater than that of AA-6. (This
dummy propellant should not be used to check out dielectric heaters as it will
burn.) As the power factor or energy absorption is directly proportional to
the imaginary part of the dielectric constant, it follows that AA-6 heats
faster than N-5 for the same heater conditions.

To confirm the laboratory findings, full-scale tests were made. These
measured the dielectric properties of N-5 and AA-6 as normally loaded into the
heaters. Low power lab equipment was connected in place of the RF power gene-
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rator to preclude actual heating of the propellant. The measurements were not
* entirely reliable because of poorly known transmission line effects, however,

"it was apparent that AA-6 had a significantly higher imaginary dielectric con-
stant. These tests gave a rough indication of change in dielectric properties
as a function of frequency. Also, by using propellant conditioned to different
temperatures, frequency variation with temperature was briefly studied.

Measurements were made of the tuning of each of the three operational
heaters. The oven which had not experienced any fire with the AA-6 propellant
was found to be tuned somewhat differently from the others but no firm conclu-
sion could be established as that oven was seldom utilized for AA-6 propellant

•! processing.

All of the evidence indicated that the problem had been Qutl:ied sufficiently
to attempt a solution. The obvious approach was to change the RF generator tun-
ing so that the heating rate was less. Initially, it was planned to achieve
this by tuning such that the changing properties of the propellant would pull
the load circuit away from resonance with the generator as the propellant ,tem-
perature increased. After other adjustments, this detuning was achi- ed.

Lowering of the he- ing rate was attained in trials but not as much as
desired for safe operation. Adjustment of the normal controls made little pro-
gress toward lowering the heating rate. A study of the generator circuit de-
termined that changing the tap on the output RF transformer was a modification
that would allow improved control range. The tap was changed to a lower posi-
tion with respect to 9round which had the effect of lowering power input to the
load. Controls then functioned normally to adjust the heating rate to 3.50F/
minute with AA-6 propellant. Rate with other propellants was lower.

As the fires had occurred early in the heating cycle, it was considered
that initial propellant temperature condition was a factor. To even out any in-
homogenities, a split heating cycle was utilized. This cycle applied heat,
then a rest period of a few minutes before heating again. This inefficient
technique was no longer required after the heaters were improved by the addition
of automatic load controls.

With the heating rate dependent on propellant properties, control settings
had to be changed with each propellant. This was ar-hieved by manually relocat-
ing (by cranking mechanism) the output tap on the plate current load coil.
Note must be made that for all propellants, the plate curre•it and consequently
the heating rate changed as the powder temperature changed. With the ovens
tuned to decrease coupling as the propellant temperature increased, the plate
current and heating rate decrease with time in the heating cycle.

This discontinuous and decreasing rate heating cycle and need for changing
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control settings for different propellants adversely affected operations. There-
fore, efforts were madi to determine modifications to equipment that would return
to continuous heating cycles without causing fires. This was accomplished by
noting that the plate current load coil, normally set at a point by manually
cranking, was amenable to controlled positioning. Coupling this positioning
with the tuning to pull the generator away from resonance as the propellant heats
up appeared to provide a means for safe and efficient operation. To understand
this, it had to be noted that for fixed control settings the initial heating rate
would be near the maximum of 3.5 0 F/min and would decrease with cycle time and in-
crease in propellant temperature to 12 F/min at cycle end.

Automatic load controls were installed which controlled heating rate by
changing the position of the plate ctirrent load coil output tap. The controls
were programmed to automatically position the tap at the low current control
set point at the end of each cycle. This was intended to assure that initial
heating of each propellant charge was at low power thus reducing the effects
of any inhomogenities and reducing chances for ignition which normally occurs
early in the heating cycle. As the propellant heats up and internal conditions
become uniform, the controls change tap position to increase plate current to
a set level and thus apply more power to the propellant. Since the heaters are
tuned to pull away from resonance as the propellant increases in temperature,
balancing plate current increase/maintenance to set point against resonance de-
tuning allows achieving a uniform heating rate through the cycle. It was found
that with these controls, maximum heating rate could be reduced within the time
alloted for heating. This was considered an improvement in safety.

Because there are individual system differences, each of the three heaters
was characterized for plate current versus heating rate. The automatic load
controllers were adjusted to start at a minimum setting below the operating
level. As the cycl - pbi curreit output coil tap is automatically
repositioned to inc , nt to .ttain 4nd waintain the operating level.
The improved heaters hdve b operated without • fir, .-ince 1974.

There still remains one unanswered question, what change occurred to trigger
a series of fires after initially processing 1 1/4 million pounds without irci-
dent. Admittedly, data generated in the investigations revealed that operation
with AA-6 must have been closer to ignition conditions than is the case with
prior propellants processed.

Furthermore, the fact that two heaters were involved in fires would indicate
that drifting of the RF generator and circuits was not the sole cause. Dupli-
cate failure modes in two separate systems at nearly the same time is a low prob-
ability occurrence. This heater drift rationale has one weakness, and that is
maintenance and adjustment, which, consistently performed in one direction on
both heaters, may have eventually shifted them from no-fire to fire condition.
This could riot be determined and is thought unlikely based on operating and
maintenance records and personnel memories.
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A ; Subsequent to the last fire, another aluminized propellant (2 1/2 Al) has
been processed successfully although it is probably more sensitive than AA-6
to the power loading rate. This conjuncture is based on limited observation
of the plate current when heating cycles begin for the two different propel-
lants,

Only one item is left, the propellant. Some subtle change in propellant

ingredient or processing changed the dielectric properties. Conjecture would
be that the change was in the plasticizers as they generally have greater
dielectric properties change with frequency and temperature than the other
materials. This is supported by the observation that the second aluminized
propellant with half the aluminum content of AA-6 appears more sensitive and
has a higher plasticizer content. (Note that titroglycerin, a major ingre-
dient has a real dielectric constant of 19.)t 5l The same difference would
tend to rule against aluminum as the culprit. Although processing resulting
in concentrations of aluminum could result in a tendency toward fires, it is
more likely that aluminum (less than 5%) is an accomplice rather than the
culprit. Further studies of the dielectric nature of propellants would be
interesting but not necessary items and are not planned as current operations
are satisfactory.
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THE ABSENCE AND IN THE PRESENCE OF AN ELECTRIC FIELD
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FIGURE 3. (a) ELECTRIC FIELD BETWEEN TWO CHARGED PLATES.
(b) INTRODUCTION OF A DIELECTRIC. (c) INDUCED SURFACE
CHARGES AND THEIR FIELD. (d) RESULTANT FIELD WHEN A

DIELECTRIC IS BETWEEN CHARGED PLATES.
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SAP gTY OF HIGH EXPLOSIVES COMMINUTION PROCESSES

R Applin

AWRE ALDSRMASTOW

l. INTRODUCTION

Many properties of explosiVes are influenced by the particle
size of the explosive, eg.

C' (a) Consolidation characteristics of pressable, castablec. and extiudable HE systems.

c (b) Rheological and mechanical properties.

(a) Hazard potential of both powders and consolidated
compacts.

(d) Initiation and propagation properties.

UK military explosives are supplied from the Royal Ordnance
Factories in a restricted numbor of grades, therefore, AWRE is involved in
comminution of secondary high explosives in order to

(a) to do necessary research on the effects of particle
size on various propertiest and

(b) based on that research, to tailor explosives to
meet particular requirements.

The explosives which are of interest include HMXt RDX, TATB,
NQ, TNT, PETN arld HNS and mixtures of these materials. These explosives
are subjected to a variety of milling processes on the experimental and
pilot plant scale. The quantities involved range from I or 2 kg to
several hundred Kg.

47arious methods of comminution are in use,

(a) end- run_•Jng. a-lmenhnical pestle and mortar)

_..-7'b) ball-silling 2

oolloid or

slurry or attrition milling,
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(e) fluid-energy milling#

'#Kprioipitat-Van troV 6Ii61to, combined with
fluid-energ milling..

This paper will outline the methods of cmeinution used at
AWRE and then deal in more detail with how a number of safety problems have
been dealt with.

2. COMMtTION METHODS

2.1 All comminution operations on explosives at AWRE are carried
out under remote control. Precipitation methods where no milling is
involved are carried out under close control.

2.2 End-Runner Milling

This is essentially a mechanical pestle and mortar, (See
Figure 1). The mortar is turned by an air-driven motor; the pestle
revolves by the effects of friction and the material to be milled is
crushed between the bottom of the mortar and the surfaces of the pestle.

Compositions such as TNT flake or Comp B are milled dry; other
materials are milled under water. PETN is not milled by this method.

Many of the compositions prepared at AMRE contain rubbery
binders and are in the form of coarse agglomerates which are not suitable
for testing by our standard powder safety tests. Crushing at room tempera-
ture often is not effective in reducing the size of the agglomerates.
However, milling in liquid nitrogen in the end-runner mill, where the
temperature has been reduced to well below the glass transition temperature
of the binder, is effective. The liquid nitrogen also acts as a diluent
and ignition quencher in the same manner as water.

One disadvantage of the method is that atmospheric moisture is
condensed onto the milled sample which necessitates a further drying stage
and also means that it cannot be used for moisture sensitive compositions.

2.3 Ball Milling

This method is now only used on a small scale for experimental
purposes. There are two reasons for thist

(a) the relatively large quantities of explosive being
processed at one time if the process is being used
to produce worthwhile quantities of powder;

(b) contamination of the product by material from the
balls.
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2.4 Colloid (paste) Milling:

This is a method developed at AWRE in the late 1950's and it
is used to produce our standard fine HMX (HMX Type B). Figure 2 shows the
particle size distributions of three grades of HMX in use at AWRE.

The mill consists of a conical rotor, driven at high speed,
turning inside a matching stator with a gap of a few thousandths of an
inch; both the rotor and stator are made in oarborundum. Figure 3 is a
drawing of the stones. Stainless steel rotors and stators have been tried
but the stability of rotation is not good enough to prevent the milling
surfaces touching and binding.

The mill is fed with slurxy from a circulation circuit which
is designed to keep the slurry in suspension by the velocity of the
circulating flow. The circuit is shown diagramatically in Figure 4 and
in place of Figure 5.

The product of this type of milling is a bimodal powder with
good packing properties. However, a minute number of carborundum particles
contaminate the product ind, although they do not present a safety hazard
and there is no problem in meeting the stringent grit clause of the speci-
fication, the grit particles occasionally manifest themselves in embarrass-
ing situations. Because of this AWRE is moving away from colloid milled
material to that produced by fluid-energy milling where there are no moving
parts or carborundum stones.

2.5 Slurry Milling (Attrition Milling)

SThe kinetic energy of the circulating slurry in the circulation
system for the colloid mill has been put to use in a form of milling known
as slurry mil]ing. The flow from two centrifugal pumps is directed to the
opposing arms of a Teepiece of reduced diameter. The impact of the
colliding explosive crystals is of sufficient violence to cause their
attrition. This method, run on a continuous recirculation system, produces
a powder with a particle size distributiont for 19, intermediate between
Type A and Type B. An important attribute of the material produced in this
way is the rounded nature of the crystals.

2.6 Fluid-Energv Milling (Micronizing)

The second major method of milling, and the currently preferred
method, in use at AWRE is fluid-energy milling. The milling takes place by
collision of particles of material, one with another, in the very vigorous
turbulence created inside the mill by colliding high pressure air jets.
The centrifugal motion of the air flow partially classifies the powder so
that the coarser material is retained in the milling area, thus allowing
further comminution to take place. Figure 6 is a sketch of the mill;
Figure 7 shows the two 300 mm mills installed at AWRE.
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The milling is carried out with an aqueous slurry of the
explosive and a considerable proportion of the energy input is used in
moving water around. For use with TATB, a small fluid-energy mill has
been installed which is being fitted up for use with dry powder. This is
shown in Figure 8.

The product of this type of milling is unimodal.

2.7 Precipitation

Precipitation of explosives from solution in a variety of
solvents by feeding the solution into stirred water is a recognised proce-
dure for producing materials with closely tailored characteristics.

At AWRE this form of precipitation has been combined with
fluid-energy milling to produce very fine and very pure powders.

PIXTN with a surface area of about 3 m2 /g has been produced by

this method.

3* SAFETY CONSIDERATIONS

3.1 Sources of Hazard in Comminution

There are several sources of hazard in our methods of
comminution is.

(a) impact

(b) friction

(c) viscous heating

(d) electrostatic discharge (dry powders and fuel/air mixture
ignition).

The response to these stimuli are influenced by -

(a) the particle size of the explosive

(b) the concentration of the slurry, dust cloud, or solvent

(o) the nature of the explosive.

The over-riding objective when any explosive process is intro-
duced is to eliminate, if possible, the sources of hazard, but, if this
cannot be achieved to reduce the hazard to the minimum. This has been done
with the comminution processes used at AWRE and the following paragraphs
discuss individual areas of operation.
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3.2 Slurry Pumping

There are two slurry pumping, circuits installed in our milling
building:

(a) A 25 mm diameter circuit pumped by an orbitot lobe
pump for use when preparing 1 - 10 kg quantities of
product using the fluid-energy mill. The circuit
is shown diagramatically in Pi.-mre 9.

(b) A 50 mm diameter circuit pumped by one or two
A (depending on the process) centrifugal pumps

delivering 35 - 40 imperial gallons per minute
against zero head. This circuit is used when
preparing large quantities of product using the
fluid-energy mill, colloid mill or by slurry milling.
The circuit is shown diagramatically in Figure 10.

The orbital lobe pump was chosen for the 25 mm circuit because
of its inherently safe design. The body of the pump is rubber and the
lobe is rubber coated. This design avoids any metal to HT friction in the
pump.

The centrifu0gal pumps on the larger circuit have been modified
with an AWRi,' designed gland lubrication system that prevents ingress of
slurry into the gland from the pump. Fimre 11 is a ditagram of the system.

The gland was modified by having a PTPN bush with a helical
groove fitted and the pump body was tapped in two places to communicate
with this bush. An additional tapping into the pump body communicates
directly with the pumping chamber. A filtered water flow is supplied
through a flow controller to the bush. The downstream side of the water
flow is connected to a pressure relief valve; the pump chamber is
connected to the same valve. The water flowing around the gland is
drained through the pressure relief valve whilst the pressure of the water
flow is greater than the pressure being generated in the pump chamber. If
the pressure in the pump chamber exceeds that in the bush the pressure
release valve closes and the water flow in the gland flushes into the pump
body, so preventing ingress of solids into the gland.

Although the centrifugal pumps have a good safety record at
AWRE, it is reoognised that there is a slight risk involved in their use.
It has therefore been decided to replace them with an inherently safer
design of pump, probably of the diaphragm type.

3.3 Slurry Circuits

When the major pieces of milling equipment were installed in
the late 1950's experiments were carried out to find the concentration
threshold of the propagation of detonation for slurries of IMX in water
confined in 50 mm diameter stainless steel tube. It was found that, for

(6



both suspended slurries and settled slurries in horizontal tube, detonation
would not propagate at 30 per cent solids concentration when boosted by a
25 mm diameter, x 25 mm long cylinder of Comp B.

Guided by these results, the upper concentration limit for
slurries of HMX and RDX permitted in the AWRE plant is 25 per cent. P1VTN
has only been milled at low concentration.(< 10 per cent).

More recent studies by Petrino et al (1) using gelled slurries
have shown that detonations can be obtained in 30 per cent W slurries,
but have confirmed that detonation will not propagate in 25 per cent HMX
slurry. However, they obtained detonations in settled 5 per cent HMX
slurry. They recommend that HKX slurries should not be allowed to sediment.

The approval that was given to work at 25 per cent HMX slurry
concentration at AWRE, was conditional on

(a) the pipe work being clear plastic to enable points
of sedimentation to be identified and cleared;

(b) each pipe run having a vertical section in the plant
room to provide a break in any sedimented train of
explosive and so prevent propagation of any ignition
to the slurry preparation room.

Before and after each run using the fluid-energy mill or the
colloid mill the slurry systems are flushed well with water to minimise
sedimentation.

3.4 Colloid Mill

The major source of hazard with this type of mill is feeding
dry material to the mill on start up, eg. between periods of use, slurry
sedimenting and drying out; or failure during a milling run of the slurry
pump leading to the loss of liquid feed to the mill.

These situations are guarded against by having the mill fitted
with an independent, gravity fed, supply of water that is used to flush the
mill before and after use; it is also capable of being switched in and out
during a milling run.

3.5 Electrostatic -Hazards

All fixed equipment and all other equipment above approximately
1 cubic foot volume is bonded to the earth bond of the building. This will
prevent the build up of electrostatic charge of sufficient energy to ignite
dusts of the explosives in use at AWRE.

I When flammable solvents are in use a high level of ventilation
is maintained to prevent the build up of solvent/air mixtures of ignitable
proportions.
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3.6 Viscous Heating

This is more of a nuisance than a hazard. When slurry milling
or producing fine powders by the continuous recirculation of product to
either the colloid mill or the fluid energy mill, the energy deposited in
the slurry from the pumps appears as heat and consequently the slurry warms
up. To remove this heat, whioh would soften the plastic pipes of the
circulation system$ the slurry is passed through a water cooled heat
exchanger.

4. CONCLUSIONS

The explosives comminution operations at AWRE are run in as
safe a manner as can be devised. The equipment and methods of operation
are regularly reviewed to determine whether improvements can be made.
However, the probability of an explosive event, although lowt is greater
than would allow the equipment to be run under close control.

This paper has presented the reasons for that conclusion and
the steps that have been taken to minimise the likelihood of an explosive
event.
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Figure 1 End- runner mifl
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Figure 5 Colloid mill
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Figure 7 Fluid-energy mills

878



E
(n

879



LUU

w ot

ww

L2.

iw a.

0 (

ww
z c

- a

LAL

C3,

0r -w

880

, ctU-,



ii

0 0
0 0

wA
CA

w L

CK U.

CEE
W V)

cc0

IIn

Sol



£Z w

4A OA

ku E
.AD

ulf

0~

wow

ia

882 N



(

j> S.TAT.!C.EL.E.nCZT~RIC PNSICWm

IN THE M.MA hTgUR_ AD HANDLING Or SOLID PROPELLANTS

SafetL Technical Grou2 ft§IIl

0 Saint Medard en Jalles Factor. _SN•Ej

2Soee i Nationale des Poudres he oExR s tionf

The studies described herein show that capacitive dlschat-

gesandcontan poentalsmayignite the combustion of
composite propellants.

The results analysis allowed SNPE to point out

"criteria based upon percolation phenomena and specific

laws of volumic resistivity as a function of temperature.

The above criteria should be able to predict,- with a ca-
thor good approximation, - the behavior of some propel-

lants in regard to static electricity.

W'iithin the safety conditions improvement framework,

SNPE has tried to evaluate the marqins of safety in presence
of static electricity. Various measurements, performed in

the workshops, have highlighted the presence of static electri-

city during some operations.

S(Y) 91710 - VERT-LE -PETIT - FRANCE
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Significant electric charges were observed on inhi-

bitors and packings materialiit has been possible to record

the electric potential accumulated on a core during the

core pull out operation. The above potential may go up to

several thousands of volts at the end of the pull out

operation. Thus, SNUE has emplemented a large set of pre-

ventive opprations which seem to be efficient such as, for

instance, the use of graphit and systematic grounding of

inhibitors. In the" field of safety, preventive operations

cannot provide an absolute warranty for any hazard.

Therefore, in the event of electric charges genera-

tion, SUPE has tried to understand the behavior of propel-

lants, and more particularly of composite propellants,

whith regard to electric diachag'ges.

2. CAPACITIVE DISCHARGE TESTS.

2.1. Presentation.:

At the beginning of the study worked out by SNUE we had
at our disposal an electric spark priming test wich had been

used for a long time by most of the pyrotechnical plants which

have to characterize primer explosives in regard to static
electricity. The principle of the testing,(sketch depicted in

figure 1) consist to determine the minimum energy for which
twenty no reaction successive tests were performed. It is

understood that the application of an immediate upper energy,

would generate a reaction.

This test, involving a maximum energy of 726 mJ (i.e. a
3000 - pP capacity charged under a 22-KV voltaqe) does not

result in the ignition of solid propellants whatever may be
their configurations : either on a chipped form or on a pellet

form similar to the dimensions of the negative electrode recess.

It should be noted, however, that propellant pellets are

sometimes perforated in their center, after a capacitive dischar-

ge.
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The analysis of the first results lets us asrume that the

ignition of some propellants would be possible, should the
values of the followinq parameters he increased

- size of samples (masse effet)
- duration of discharge in the RC circuit (R is used

as the propellant resistance, and C as the capacity applied

to the propellant extremities (time required for ignition),

- energy delivered.

In view of the above parameters, an equipment was created.
it is depicted in figure 2.

The propellant sample to be tested is a cylindrical
90 mm diameter grain and 100 or 200 mm long (investigation

of the constant of time impact RC - f (L). C). The grain was
located between two electrodes. The electrode system is a
"point-plane type" to a sharp area is more intende. In order
to get an adequate contact and distribution of the electric

current, the rounded surface of the propellant grain facing

the negative circular electrode is coated with a silver

lacquer.

In order to investigate the influence of ambient hygro-

metry, the propellant grain was placed inside a 4.10 13m
volumic resistivity plexiglasz chamber.

In order to measure the current accross the propellant

grain an adequate resistor following the negative electrode
was inserted into the discharge circuit. The electric equip-
ment could deliver at5e6 Joules energy (i.e. a 34. 7-nF capa-

city charged under a 30-KV voltage).

2.2. Results.

A lot of tests were conducted and the main results are

described here under

2.2.1. - some propellants react and the reaction can

take two forms t

Ignition ; films taken at 2000 frames per second

show that, during ignition, cracks appea& in the propellant.

Through the above cracks, thick bursts of flames are generated.

Then the combustion spreAd out.

(1) which is very penalizing because the electric field close.
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According to~ the sharp noises heard, reactions &to

very severe most of the time.

Croaking i the no -ignition tests after discharge
show largo cracks. These ctalcks, according to X-ray pictures,
were made of a large quantity of small ducts (approximately
5/10 th ma diameter).

Outside, the cracks appear mostly on. the lateral sur-
-face and- on-thev aifveir-coated rounded surf ace. The. sketch
of figure 3 shows a cracked propellant grain.

On the other hand, it should be pointed out that
the cracking pnencmenon took place always before the
ignition phenomenion.

2.2.2. - the reaction is very casual and may happen after
successive capacitive discharges. (number of discharges In
called n), For example, a propellant grain may crack at
the 2nd and at the 10th discharge and may ignite oiuly at
the 20th one.

However, it was observed that usually n is loes than 30.

2;2.3. - irk case of no reaction the discharge current com-

plies with the Qkhtls law i.e. the measured time constant almost
equals the time constant calculated in accordance with the
relation - * RC, C is the cavacity applied to extremities
of the propellant grain and R the propellant grain resistance.

Calculation of re*istance R is based on the qe?!etric
dimensions of the grain and on the volwnic resistivity meabured
by a KEITLEY-type cell (this measurement is taken on a 90 mm
diameter and 5 mm thick propellant slice).

2.2,4. - in case of reaction, the measurements of dischar-
4e currents show that cracking or ign'tion pnencmena appear ap

soon as the outside capacity is connected to the propellant
grain extremities.I

During the ignition phenomenon, the current shi~ts from
0 to several amperes within a few microseconds.
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After czacking the current generally becomes 1000 times
higher than measurements conducted prior to cracking.

Therefore, cracks degrade the propellant and lower down the

volumic resistivity. Typical examples of discharge currents

are shown in figure 4.

2.2.5. - Parameters such as

block length (100 to 200 mm),

presence of inhibitor,

outside hygrometry.

do not seem to have an important impact in the above tests.

2.2.6. - The casu&l nature of the results cannot allow to

estimate a minimum energy of non-reaction, for a given propel-

lant.
For this type of test, it should be noted that some

prop~llants ignite at an 100 nJ energy level, approximately.

This energy was calculated in accordance to the equation

Q CU 2 .

2.2.7. - Composite propellants (tested so far), with a

volumic resistivity from 105 to 106 Qm, do not react to a

maximum energy of 15g 6 joules.

2.2.8. - Composite propellants, with a volumic resistivity

ranging from 108 to 10 11J, are likely to react to capa-

citive discharges. In that case, thv resistivity is not a

discrminative criterion in regard to sensitivity to discnsr-

ges.

2.3. Analysis.

In compliance with above results, a discriminating pro-

cedure was worked out : 3 identical grains from the same com-
position are submetted to 30 ( above 30 it was noticed that
the probability of ignition is virtually non-existent)

15.6 Joules (i.e. a 34..7 nF capacity under 30 KV).

A composition is called sensitive to capaciti'e dis-

charges when, out of the 90 discharges, at least one crac-
king phencmenon is observed.
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3. CSAiPTTZLTT.

3.1. Presentation.

Based on the observation that the reaction starts as
soon as the capacity is connected to the propellant grain

extremities, it is assumed that application of one voltage
step (without capacity) would be sufficient to generate
similar effects. For that reason, a second coupling shown

in figure 5 was developped.

The cylindrical, 90 m diameter and 100 or 200 mm long,
propellant grain, the round surfaces of which were coated

with a silver lacquer, is placed, along the Wmsnetric axis,

between two plane circular electrodes.

The constant potential was applied by 2-KV increments
every five minutes in order to verify the fnfluence of the

joule effect.

3.2. Results.

3.2.1. - Propellants reacting to the capacitive discharge

test, also react as soon as a potential, is applied. Th e !

potential is calldd critical potential. The reactions are sim

'lar to the above ones.

3.2.2. - Cond~ction current, described in figure 6, com-

plies whith the Ohm's law below the critical potential. Occas-

sionnally, before the applied potential reaches the critical

potential level, the current is submitted to "variations".

For most of the tests, the reaction is obtained as soon
as the modification of the voltage level is applied.

A test, for which the last voltage level applied
was very close to the critical potential, shows a very
specific conduction current (see figure 7).
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Starting from the 12-KV level and after a one minute

piriod of time,pulses period of which are approximately

constant, are noticea. The period valu6 is close to the

measured time condtant of the propellant considered (W 1.2 s)

amplitude of which exponentially incrdases. Each of these pulses

was acuompanied by a sharp snapping noise.

After a 2-minute period of time, a large crack is

observed and the current stabilized at a 3,5 mA value, i.e.

1000 times the value of the initial current.

Then again, reactions are casual and it is very diffi-

cult to evaluate a propellant dielectric strength K such

that -
K a U c/L

where Uc is the critical potential and L the lengh of

the propellant grain.

3.2.3. - Some propellants ignite at very low voltage,

ar6und 1 KV.

3.2.4. Even during long peridds of time (30 minutes) the

joule effect which may be characterized by the equation

E * RI2 t, does not cause any teaction.

4. ASSUMPTIONS ABOUT THE REACTION MECHANISM.

For propellants classified as "sensitive to capacitive

discharges", the analysis of the facts such as, for example,

initiation of the cracking phenomenon prior to the ignition

phenomenon, let assume that the reaction mechanism is

divided, into two main phases

ist phase : initiation of the cracking phenomenon in

connection with a critical potential Ut.

""•-d2 phase : initiation of an ignition phenomenon in

connection a critical energy 2 c.

The above is expla in figure 8.

889



All the fect combine to prove out that the reaction

starts inside the propellant material. The reaction start

is located in microscopic areas. As a matter of fact, if the
propellant, in its general form, may be considered as an

isottopic environment, this is no longer true at the level

of various particles such as aluminum, ammonium perchlo-

rate, etc.

The existence of a critical potential shows that

cracking is raused by one or several electric phenomena.

Among the well-known electric phenomena such as sest-

conduction (case of the ZUIER diode which becomes condue-

tive at a given potential by avalanche effect), piezo-ilec-

tricity, micro-breakdown (between two conductive particles

separated by a dielectric) it is assumed that micro-breakdown

can be considered as the most probable because the

two following observations are support any this hypothesis.

- The measurements of volumic resistivity of alumi-

num powder (used for propulsion) packaged in a plexiglass

tube show that, for a critical potential, the value of

zesistivity shifts from 107 to 10 3 Om. This corresponds
to a breakdown, for a number of particles, of the alumina

layer that covers pure aluminum particles on approximately

40 A thickness.

- Assuming thst the electric diagram for a propellant

grain is a dielectric with a parallel RC circuit, it can

be imagine that this grain is a complex assembly of RC

circuits and that the junction points are conductive particles
(e.g. aluminum grains).

Admitting that the breakdown between two conductive

points, results in the destruction of the dielectric

connection between these two points, and setting up arbitrary

initial conditions, it can be proved, by simulation with

electronic components or by c&lculation, that a U potential

applied to the extremities (see sketch shown in figure 9) can

produce a cirrent (layout is depicted in figure 10). It

must be noted that the above layout looks like figure 7

layout.
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S. DE¶'ERMZNWTION OF A CRITURION B3ASlM ON RESISTIVITY

AS A ~ O Ef~l

Over all the compositions tested, the volumic
resistivity measurements, from -40 to + 8o0C (-40 to
+ 1760P) show that 3 different laws of. esistivity may be

encountered versus temperature. The laws, shown in figure
11 are represented by one or two straight lines (1 and 2)

with different slopes and equations as follows

Ln (Pv) + E * constant
jm? XT

whure : T a absolute temperature in K degree

K a BOLTZMANN's constant

E a energy in eV.

This law is similar to semiconductors. The existence

of 2 straight lines points out a change in the type of

conduction starting from a given transitional temperature.

The values of the energies calculated from the slopes of

the straight lines range from 0 to 2 eV.

The most remarkable observation is that the compositions

which react to capacitive discharges follows a type-I law

(i.e; the proportion E 1 /E 2 is abo*e 1) where as the composi-

tions which do not react have a type I1 or Ill-law (i.e.

the proportion E 1/E 2 is lower or wqual to 1).

6. DETERMINATION Or A CRITERION ASED UPON PERCOLATION.

A factorial investigation of the propellants active

constituents was carried out. A compromise between a strict

investigation of parameters and the feasibility of specific

formulations was worked out.

The results of this investigation mainly enphasize

- the aluminum particle size.

- the electric characteristics of the binders

(binder * prtpolymer + miscellaneous additives).
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Since the aluminum granulaoetry Ls concerned, and for

a constant aluminum content the decrease in diameter of )
aluminum particle *is*, (1.9.' their increase in number),

results in sensitive to capacitive discharges compositions.

The impact of the number of conductive particles was

quite haturally the next step to investigate percolation

phenomena.

Percolation, as theoretically defined, is independent

of the voltage applidd and allows - (for a given conducting
and insulating particle system) - to determine the critical

level of Nc/Ni ratio (No a number of conducting particles

and Ni a number of insulating particles) above which the

entire system is fulling conducting.

In the case of a composite propellant, it does not

seem possible to obtain such a level, because aluminum parti-

cles ace working as insulations, although conductive

inside.

In fact, the phenomenon that we have to work
with comes from theoretical percolation phenomenon and,

therefore, a P breakdown percolation coefficient was

defined as follows 2

OL VL

where sL ,, binder conductivity
VL u binder unit volume

The above coefficient covers 9 parameters.

Currently, the validation phase was conducted over about

fifty different formulations. It is now possible to know a

range for the critical P value : above this value, formult-

tions are sensitive to capactiive discharges, under they are

not.

However the above critical P value is not clean and

there remains an area where this criterion is uncertain.
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As we tried to demonstrate, it looks probable that
the reaction mecsnism is, first, conducted by a micro-

breakdown phenomenon.

In order to understand this mecanim, a theoretical

and fondamental study will be worked out.

Critical electrical fields between particules will be

more specially studied.

To currently carry out out safety problems, two empi-

rical criteria may be used, one is based on percolation

phenomenon, the other is based on specific resistivity laws

versus temperature.

So, a propellant will be classifed as sensitive to

static electricity if the following conditions are carried

out.

F_ P > PC

..... ... and Fbinder content$ critical content

oror
or 

.aluminium content >critical

content

ee /E 2s> 1

Above criteria are systematically applied during new for-
mulations developpements. Propellant behaviour may b* antici-
pated and may be modified if necessary so that safety cautions

are taken to prevent any risk either d4ring conception or

carrying out of the materials.
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RISK ANALYSIS- GRASPING THN. NI]ILE

f'•R Watson

Health & Safety Executive
0, United Kingdom

SUMMARY
1. Tspaper describes a recent problem where risk analysis enabled the

British Government to formulate a compromise solution which avoided costly
extreme courses of action. A major leisure centre had been built inside
the Inhabited Building Distance of a busy explosives wharf. The paper
indicates the techniques of the analysis and discusses ways to present
data on casualties and damage in order to provide policy makers with a
realistic basis for decinions.

INTRODUCTION

2. Some of thp audience today will recognise in Figure 1 the former town
S'of Port Chicago, California which was a constraint on the explosives limit

for the loading piers of Naval Weapons Station Concord, a primary facility
for the Armed Forces and the Military Assistance Programme. Others may
view the picture differently and recognise what for many years constituted

C) an ever-present threat to the lives and property of the residents of the
.4 town. It was not a hypothetical threat. Figure 2 shows the damage to

the theatre in 1944 when a cargo ship being loaded with ammunition exploded
killing 320 people in the area and causing $ 12 million damage to property.
A solution was found when Congress, after a careful study of the options in
1967, authorised 9 20 million to eliminate the hazards to the locality by
compulsory purchase of the town to provide a buffer zone of 2 miles radius
from the piers.

3. This solution might not have been aoopted if t0e town had been as large
as that shown in Figure 3. In 1978 the Health and Safety Executive (UK)
became aware of the existence of a new leisure centre (Figure 4) within the
Inhabited Building Distance of a busy explosives wharf. There were prop-
osals to develop the area into a major recreational complex (Figure 5).
The cantre had received planning approval when there were no requirements
for consultation with the HSE or its predecessors. Explosives ships were
about 700 metres from the leisure centre as shown in Figure 6 which is the
view of the wharf from the cafeteria in the leisure centre.

SIMPLE BUT DRASTIC SOLUTIONS
4. Traditional concepts of explosives safety embodied in Quantity-
Distance tables indicated two obvious solutions. Either the leisure
centre should be closed down or the explosives operations at the wharf
should cease. Neither of these courses of action was acceptable. The
community would not accept closure of its multi-million dollar showpiece
whiolh attracted up to 45,000 people per week. Some of them worked in

Paper written for the Department of Defense Explosives Safety Seminar,
Norfolk, Virgina 25 August 1982 and also presented to Ministry of Defence
(ESTc) Seminar on Risk and Hazard Analycis in the Explosives Field,( Fort Halstead, Kent 30 September 1982.
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the explosives factory whose operations would be drastically curtailed
by closuir of the wharf; and with unemployment running at nearly 20%,
the resultant lose of jobs was unacceptable. It was necessary to set
aside quantity-distance concepts and adopt a fresh approach to the
problem.

NEW WAYS OF APPRAISING EXPLOSIVES SAFETY

5. In 1969 the Explosives Storage and Transport Committee of the
Ministry of Defence and the Inspectorate of Explosives in the Home Office
reviewed the methods of determining explosives limits in British harbours.
The joint committee decided to introduce weighting factors into the
calculation to take cognizance of the different degree of risk (probability
of explosion) presented by (for example) fuzed, unshuttered ammunition
compared with unfuzed ammunition and packages of stable high explosive.
This was the first departure from the traditional doctrine that explosives
limits must be based on the assumption that the maximum credible accident
will occur sooner or later so that consequences alone should be considered,
not the likelihood of the postulated event in conjunction with the
consequences (overall risk).

6. There have been several papers at recent Explosives Safety Board
Seminars which have shown how risk analysis or risk appraisal may be used
to supplement traditional tables of quantity-distances. Schneider of
Switzerland and Jenssen of Norway have argued for a greater willingness
to use these techniques when the orthodox approach is too inflexible.
(Risk analysis appears to have become a respectable topic for these
seminars; the topic session includes 5 papers this week). The Health and
Safety Executive decided in 1978 to apply risk analysis to the intractable
problem of the explosives wharf and the leisure centre.

7. Several speakers have uttered warnings at these seminars that
although it is relatively simple to calculate the individual risk and the

-, societal risk corresponding to various courses of action, a more difficult
task lies at the interface between the safety engineers who present these
options and the administrators or politicians who are asked to decide
which option to adopt. There is understandable reluctance to endorse a
proposal which, after all reasonably practicable precautions have been
taken, acknowledges a residual but acceptably remote risk of serious
casualties. It is this "nettle" that has to be grasped if the teohniques
of risk appraisal are to be exploited fully.

ASSESSMENT OF THE POSSIBLE CONSEQUENCES OF AN EXPLOSION

8. The first part of the analysis of the wharf problem was to
predict the cost of damage to property in the vicinity and the number of
casualties. Experience from past accidental explosions gives an
indication of what to expect. The locale is at least important as the
quantity of explosives involved. An explosion near Portsmouth, England in
1950 (Figure 7) was at an isolated jetty with no dwellings within the
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Inhabited Building Distance 3o the majority of claims were for broken
windows in the city. At Gibraltar (Figure 8) the sloping terrain and
dense development close to the d-okyard would be exoacted to maximise
the consequences of an explosion but owing to the rel.atively small
quantity of explosives involved in an explosion there in 1950, most
serious damage was confined to the installation. The variability of
fatalities for a given quantity of explosives is illustrated in Figure
9; there is some correlation between the quantity and the fatalities
but clearly it is important to take account of the disposition of
people at the time of an explosion.

9. In order to make a realistic prediction, a large scale map of the
town was obtained and circles were drawn around the assumed centre of
the explosives wharf at intervals of 50 metres out to 2500 m. This
represented the expanding blast wave, the intensity of which could be
determined by well known techniques assuming a maximum credible
explosion of 50, 100, 200 tonnes etc of explosives of Division 1.1 (mass
risk). Although casualties are more important than property damage, it
was convenient to start by assessing damage. The value of property in
each 50 m ring was calculated by laboriously counting the buildings of
each type on the map. For 6ach ring, the average cost of repairs was
calculated using the combined data from World War II bombing of British
brick dwellings and the report of the Port Chicago explosion involving
different types of construction. The costs were then integrated over
all the rings to give the total cost of damage for each assumed size of
explosion at the wharf. The total cost was not unduly large and was less
than the cost of damage to the leisure centre. In any case concern over
the likely casualties among patrons and in the town as a whole eclipsed
these materialistic considerations.

10. Next, an estimate was made of the likely number of casualties in
consequence of the calculated levels of damage to dwellings, on the
assumption of one occupant during working hours but four occupants at
night and weekends. This type of prediction was somewhat crude, being
based on statistical data from a variety of accidents, but was
nevertheless useiul for making comparisons. The most difficult
prediction was the number of casualties in the leisure centre. Neither
data from brick built houses nor that from US timber frame buildings
is really relevant for a large span building of steel frame construction
with modern cladding materials and extensive areas of glazing. The
number of occupants at risk varies from a skeletonrstaff in silent
hours to around 4,500 at peak hours. The number of patrons was introduced
as a parameter in the presentation of results of the analysis.

11. The assessment had reached the stage at which the ramifications of
the various options could be communicated from the safety engineers to
the administrators. Figure 10 chows how the expected niumber of
fatalities increases with the explosives limit and with the number of
patrons who happened to be present at the moment of the postulated explosion.
Consideration of this data led to the conclusion that some administrative
arrangement should be sought to ensure that large quantities of explosives
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would never be handled on the wharf or ships while the leisure centre was
operating near its peak, and vice versa. Despite the practical
difficulties of operating such an arrangement, it has been put into effect
by the mutual collaboration of the authorities backed up by the powers of
the Health and Safety at Work etc Act 1974. The relationships in Figure
10 were used to determine practical guidelines for the numbers of occupants
to be permitted at different times of day, night and weekends. This should
ensure that the chances of the worst credible accident occurring were
sufficiently remote to be acceptable.

ASSESSMENT OF TIM LIKELIHOOD OF AN EXPLOSION

12. The statement that a certain number of casualties would be tolerable
raises many questions which are familiar to those involved in risk analysis.
"Tolerable to whom?" asks the local resident. 0twiously in this case there
was no local pressure group demanding a reduction in hazards. Explosives
had been made and shipped through the area for over a century; many res-
idents were economically involved in the •rade or had relatives who had
benefited from it. In this situation it is a function of government to
judge whether risks, which people are prepared to accept based on their
own perception of the risks, should be permitted to continue or whether,
in the light of specialist knowledge not available to those at risk, there
should be change. A recurring problem in a democracy with high technology
is how and to what extent government should make available to the public
the plethora of information necessary to make well informed judgements.
Paternalistic government may be resented; on the other hand it is very
difficult for scientists and engineers to communicate highly technical
information about risks and casualties in a form which is both neutral
and unlikely to be misinterpreted. Should the people at risk have the same
opportunities as the administrators and politicians to say whether the risks
are acceptable? If so, would they grasp the nettle?

13. In the present case the government and its officials tried to steer
a middle course. In order that the government could judge what numbers of
patrons could be permitted in the leisure centre and what explosives limit
should be assigned to the wharf, it was necessary to estimate the likelihood
of an explosion involving simultaneously 50 or 100 or 200 tonnes etc of
high explosives. This phase of the analysis involved the development of
the usual fault tree, to ascertain what events could lead to the explosion
and to assign probabilities to each factor. It also necessitated assessment
of loading operations at the wharf to determine the likelihood that an
explosion would involve only a small quantity of explosives (say one
package or pallet) or an intermediate quantity (a rail vehicle full) or
the whole of the explosives on the wharf and in the ship(s) just at the
time that this quantity was at its peak.

14. Figure 11 is a much simplified indication of the factors which were
taken into account. More or less subjective values of probability were
assigned to the factors, using historical data or experimental results to
check them wherever possible. Items like the risk of a spectacular
suicide were very difficult to assess. The analysis was comprehensive and
therefore much too expensive to adopt as a technique for tackling routine
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problems with explosive quantity-distances. It was aoo rative effort,
with the oompan oonoerned conducting the detailed analysis government
officials prescribed the guidelines for the study and monitored p- us.

15. Many useful lessons were learnt from this study. A number of
Lmprovements were identified which would reduce the risks considerably.
The explosives industry has always tri!ed to design fail-safe features into
its operations, as shown in Figure 12. This is not, as you might think at
first sight, a Scotsman tending hMs moonshine on a grand scale. It in an
early fail-safe monitoring device for nitroglyoerine production. The
worker is carefully watching the temperature to make sure it does not rise
exossively; if he should fall aleep during this monotonous task, his
one-legged stool would make sure he woke up again.

16. The analysis identified those factors which contributed most to the
possibility of explosion of a ship. These included impact of paokageo of
explosives during manhandling operations at the wharf; friction-initiated
explosion of split powder explosives during loadine/unloading; and fires
started aboard the ship which spread to the explosives. The introdvotion
of palletised loading, or better still freight oontainers with appropriate
lifting equimiant, would reduce the first two risks oonsiderably but such
changes could not be brought about quiockly. On the other hand fire
prevention measures, already at a high standard, could be further improved
quickly. This involved some inconvenience, such as the banning of fires
in the ship's galley, and additional effort such as the institution of a
fire risk survey before loading operations commenced to remove potential
fire risks like paints, solvents, rages which usually ubound on boa&rd ships.
It may be rermzked that the intuition of ay good safety officer might
have led to similar obeervations but the risk analysis quantified the risks
attaching to these factors and so highlighted those deserving most
attention. The analysis also showed up a number of factors which were
less obvious.

PRESMiMATbON OF THE RESUITS

17. After all the recommendatioss for improvements had been made, and the
administrative arrangements had been worked out to restrict autivities at
both the leisure centre and the wharf so that they might co-exist, the
orucial question remainedt "Wa the residual risk tolerable?" It should be
emphasised that -ve were dealing with a fait accompli. Unquestionably the
risk would not have been tolerated in the case of a proposal for a new
project to build such a leisure centre so close an explouive&3 wharf. Risk
analysis beogvns only when qyantity-distanoes fail to deal with a situation.

18. An earlier study on a much larger scale had been completed by the
Health and Safety Exeoutive and had been openly published in the report
"Canvey: an investigation of potential hasards from operations in the
Canvey Island/Thurrook area" 0(June 1978). Figure 13 shows the societal
risk at the explosives wharf and that of a particular installation in the
Canvey complex, before and after certain improvements. One could devote a
seminar to the caption for the shaded sone at the bottom of the graph. Is
any particular value of risk generally deemed to be "negligible" or should
the value vary with the mag1itude of the consequences?

905

jj%-Pý~~~~ ~ ~ ~ ~ ~ ~ -,'ý. J ýt',t- ,-ýL1 1,L L



19. Comparisons can be misleading. The word "fatalities" is sometimes
used to include seriously injured people rather than deaths. The hatard
from high explosives at a fixed site is different in character from explosive
or toxic gas clouds which drift downwind and can therefore affect much greater
nutmbers of people. The capital investments in facilities may be quite different
and so may the shift of resources required to effect a significant reduction of
risk. Despite all these reservations, this comparison was instrumental in
resolving the problem without recourse to either of the costly extreme courses
of action mentioned earlier.

The press devised some emotive headlines (Figure 14) but the general
r ion of the public and local organisations seemed to be that the
gove t had got it about right. The compromise solution was not strongly
opposed by one.

LOOKING TO THE -~ AND THE PAST

21. In conclusion, risk is served well in this instance. It will
not usurp the role of tradition xplosives quantity-distanoes criteria
because it is much too time consumin r..f done properly. Its function
will be to provide the means to explorekwk evaluate other courses of
action, and particularly to rank them to hefpd-Acide the most cost
effective option, when the traditional rules cannbt be observed for
some compelling reason.

22. In the case of this wharf, the analysis highlighted th'e•p tential
advantages of unitised loading of explosives (Figure 15). Incidentally,
this could be a tricky operation at an anchorage which is sometimes
required in other harbours because of strict observance of quantity-
distance concepts at berths. It could be even more tricky in the case of
a freight container at an anchorage (Figure 16) unless loading is
restricted to reasonably calm seas and winds. The ideal would be the
use of freight containers at dedicated container berths but Harbour
Masters are reluctant to risk their valuable installations for goods of
Division 1.1.

23. Life was much simpler 100 years ago. Figure 17 shows how explosives
used to be loaded near this troublesome wharf. One simply carried a
package down the beach, paddled to a rowing boat, and rowed out to
the ship. Not only was the operation safe, it was secure thanks to the
ubiquitous British policeman.
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FIG 15 TRANSHIPMENT OF EXPLOSIVES IN A PALLET
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FIG 17 TRANSHIPMENT OF EXPOLOSIVES - "EARLY DAYS"

924



THE LOW PROBABILITY OF ACCIDENTAL EXPLOSIONS:
ISN'T IT WORTH A CENT IN EXPLOSIVES SAFETY?

by

Hans A. Merz, M.ASCE/SIA
Ernst Basler & Partners

Consulting Engineers and Planners
Zurich, Switzerland

0
O ABSTRACT

In recent years, the problems in complying with well-known safety-distance regu-
SIlations for ammunition and explosives storages steadily increased in Switzerland.

As a reaction, the concept of quantitative risk assessment was developed to guar-
antee the safety of such storages. This concept allows to take into account both
the probability of an explosion and its consequences.

It is shown that the safety-distance concept was originally developed as a reac-
tion to the numerous large explosions which occurred around the turn of the cen-
tury. Since that time the conditions have changed. Today, such explosions are
rare events. Therefore, it is proposed to modify the safety-distance concept by
introducing the low probability as main guarantor of safety. Necessary steps to
promote this change include: demonstration that the probability is actually low,
investigation into the reasons why it is low, and development of a model to take
into account both probabilities and consequences of accidental explosions. The
Swiss experiences with such a concept have shown that problems with storage fa-
cilities not complying with safety-distance regulations can often be solved ef-
ficiently and economically.It

Paper presented to

Twentieth Explosives Safety Seminar, 24 - 26 August 1982( The Omni Hotel, Norfolk, Virginia, USA
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ORIGIN OF THE QUANTITY-DISTANCE TABLES

Around the turn of the century, a large number of storage magazines, primarily

of the commercial explosives industry, exploded. The famous "History of Explo-

sions" compiled by Ralph Assheton ') tells us that during the period between

1875 and 1925 large and disastrous explosions involving up to 100 tons of explo-

sives and causing up to 10 fatalities occurred at an average rate of one per

year. At the same time, an even larger number of small and less damaging

explosions took place (Figure 1).

The reaction of the public to these accidents was, at that time, clear and

straightforward: storage of explosives is an extremely dangerous activity. There-

fore, we demand that the consequences in case of an explosion be kept as low as

possible.

Based on this attitude and on damage records collected during those years, the

famous "American Table of Distances" was elaborated by a group of experts of the

explosives industry in 1909. This was the first recognized regulation in the

United States which specified safe distances for explosives magazines. It was

based on the assumption that beyond the specified safe distances damage to per-

sons and structures should be minimal (Figure 2).

Though use of the American Table of Distances was primarily intended for the com-

mercial explosives industry, it was adapted by the US Government for the ammuni-

tions storage following a series of spectacular explosions in such magazines.

Since then, minor changes and refinements of the quantity-distance relationship

were made on various occasions, but the basic philosophy of the original American

Table of Distances remained unchanged up to this day: the consequences in case

of an explosion must be kept low.

Whereas the philosophy remained the same, a distinct change of entirely different

nature can be observed: the frequency of large explosions in storage magazines

1) Ralph Assheton: "History of Explosions on which the American Table of
Distances was Based". Published under the direction of
the Institute of Makers of Explosives, Charles Story
Press Co., Wilmington, Delaware, 1930
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with potentially serious conslquences continuously dropped to a level where large

explosions in storages can be considered rare events. This decrease can be at-

tributed to a number of factors, first of all to more rigorous safety rules for

the handling and storage, and to better quality and control of explosives and am-

munition. A look at probable causes of some of the explosions which happened at

the beginning of this century clearly demonstrates how drastically things have

changed in the meantime (see Figure 3).

There is no doubt that today's storage and handling conditions and the improved

quality of explosives and ammunition are not comparable to those prevailing at

the time when the American Table of Distances was created. Today, we find our-

selves in the situation that we apply rules to modern explosives and ammunition

which were developed at a time, when the explosives industry was in its infancy.

Isn't this reason enough for reconsidering the philosophy of strictly limited

consequences and for taking into account the numerous efforts in reducing the

frequency of explosions?

In the present concept of quantity-distance relationships, efforts to reduce the

probability do not pay off. They are, so to speak, treated as additional hidden

reserves. Nobody has to fear the blame of having done too little for safety with

{ this concept. But the day might come when we will be blamed for having done too

much and for having wasted money which could have saved more lives in other po-

tentially hazardous activities of our society.

The problem finally boils down to the simple question whether we can afford to

limit both, probabilities and consequences, to a low level at the same time. This

is not to say that the present concept should be abandoned immediately and every-

where. But when actual difficulties arise in complying with safety distances dur-

ing the operation of existing magazines or in connection with the location of new

magazines, the present concept has to be questioned.

It is this situation which has come up in Switzerland in the last ten to twenty

j years because of its densely populated areas. Practical problems have forced us

to explore new ways of guaranteeing the safety of ammunition magazines. In a

first step, the concept of safety distances was replaced by the concept of quan-

titative risk assessment, on which we reported in former papers to this semi-

(92
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nar 1). Such risk assessments~basically allow to take into accourt both, the pro-

bability of explosions and their consequences. Since the limitation of the conse-

quences, which was of primary concern at the beginning of the era of risk assess-

ment, became increasingly diff :ult in practice, a comprehensive investigation

into the probability part has been initiated. This paper summarizes some of the

experiences and results obtained so far.

THE CONCEPT OF THE PARTNERSHIP OF PROBABILITY AND CONSEQUENCES

When exploring ways to guarzntee the saFety of different potentially hazardous

activities in our society, we can notice marked divergencies.

As an example, the safety of large dams or of airplanes is mainly based on

the low probability of accidents. Nobody would dare to require safety dis-

tances for dams or beneath air-routes. Airplane passengers can only rely on

a low probability. And there are many other activities in our society where

the low probability is an accepted guarantor of safety.

Even in the explosives industry, we can observe different ways of warranting

safety:

- In the produiction of ignitors, for instance, events might be very frequent,

but their consequences are kept negligible. The machine might not even stop

the production.

- In the short-time intermediate storage of large production batches, on the

other hand, we might completely rely on the small probability of an acci-

dent, though we know that the consequences could be disastrous. The same

is true for the transportation of explosives on the road.

'1 See Papers by Th. Schneider in the Proceedings of the 17th, 18th and 19th
DDESB Seminars
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These examples lead us to two conclusions:

1. There are marked differences in the way safety is guaranteed for various

hazardous activities in our society. Whether we rely ola low probabilities or

low consequences is a matter of technical possibilities, practicability and,

last but not least, tradition. However, it is hardly ever explicitely stated

why the one or the other concept is used.

2. Relying on a small probability is neither an immoral nor an evil thing. In-

stead, in our society, it is considered an equal partner to the low conse-

quence concept. Though we can observe a strong tendency to reduce safety

problems to either a probability case or a consequence case in practice, the

equal partnership of probability and consequence is generally accepted.

In conclusion, it can be stated at this point that recognizing this partnership

of probability and consequences can be a way of getting away from the pure conse-

quence thinking in explosives safety and throwing off the burden of unfavorable

historical accident records.

APPLYING THE PARTNERSHIP IN AMMUNITION STORAGE

The reason for the application of the consequence concept in the safety of aimnu-

nition storages is merely traditional. There is many an argument for reconsider-

ing this traditional concept:

. The probability of a large explosion in ammunition storages lies in the same

order of magnitude as the break of a major dam, for instance (Figure 4).

* There are large differencies in the probabilities of explosions between in-

dividual magazines. A storage full of shells filled with TNT and removed fuses

is less probable in going off than a magazine with the same amount of highly

sensitive explosives (Figure 5).
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A difference of a probability factor of 10 or moe between two magazines

could result in a reduction of safety distances of 1/3 or more, if the same

safety level for individual, exposed persons were maintained.

However convinring these arguments may be, the most effective promotors of the

concept of equal partnership of probability and consequence are acute problems

and the necessity of solving them.

The increasing urbanization in Switzerland made it more and more difficult and

impossible to meet quantity-distance requirements and to reduce the consequerces

calculated in quantitative risk assessments to tolerable levels. As a reaction to

this situation, a comprehensive invwstigaticn is presently performed to guarantee

the safety of particularly critical magazines, primarily on the basis of small

probabilities. The goal of this investigation is to develop a rational and trans-

parent model for the partnership of probabilities and consequences.

Ir, order to proceed in this new direction, three major areas of investigation

were identified:

- We need to show how large or small the probability of explosions is in reality.

We need a statistical analysis, based on accident records and corresponding

reference data such as number of operated magazines, total amount of stored

ammunition, etc.

- We need to show why the probability is low, how it was decreased and how we

can decrease it further. We need a model for assessing the effectiveness of

safety measures acting on the probability side.

- We need to show on which rationale a reduction of the probability is set off

against a reduction of the consequences. We need a model which links proba-

bility and consequence to something like a tolerable safety level.

Though much work still has to be done in this investigation, some of the prelimi-

nary results can be mentioned:

- Based on the fact that not a single explosion occurred in our country since

1950, the average probability of an explosion in a storage magazine is esti-
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mated to lie somewhere around 105 per year and magazine.

The difference between the "best" and the "worst" magazine can be as large as

a factor of 100 or more.

These differences are primarily due to type and sensitivity of the ammunition

stored in a particular magazine, and type and equipment of the magazine.

Based on an investigation into the causes and the development of possible ex-

plosions, the following safety measures contribute most significantly to low

probabilities:

* Generally safe ammunition produced today

. Continuous quality control during manufacturing and storage of explosives

and ammunition

* Rigorous safety rules for the personnel involved in the storage

Early warning devices and fire protection

Rigorous security protection

The rationale on which we set off probabilities against consequences; is the model

of quantitative risk assessment. This model allows an easy numerical considera-

tion of both quantities.

As a result of the work performed so far, buildings erected in the immediate vi-

cinity of storage magazines could be tolerated in individual cases, because spe-

cial and individually determined safety measures were taken to keep tne probabi-

lity at extremely low levels.

SUMMARY AND CONCLUSION

It is known experience that traditions are not easily given up. The application

-of quantity-distance relationships in the safety of ammunition magazines has its

roots in a tradition going back to the turn of the century. It's an equally known

experience that traditions are only given up when actual problems force to do so.

In Switzerland, this situation has come up, and new ways have been sought to gua-
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rantee safety. The features of this new method are as follows:

The quantity-distance concept or the concept of limited consequences of acci-

dental explosions was developed under the impression of the unfavorable acci-

dent records at the beginning of this century. Today's situation in ammunition

storage is so markedly different and better that the low probability of large

explosions must be taken into account.

As safety concepts in other hazardous activities of our society show, pro-
bability and consequences are considered and generally accepted as equal part-

ners in the safety business.

The Swiss safety concept for ammunition storages is based on the partnership

of probability and consequences. it concludes the demonstration that probabi-

lities are indeed low, why they are low and the rationale of the model of

quantitative risk assessment for setting off probabilities against consequen-

ces.

This new way has offered solutions for the economic operation of existing stor-

age facilities, which otherwise would have needed safety waivers, or which were

about to be given up.
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NUMBER OF LARGE EXPLOSIONS

OF STORAGE MAGAZINES

AROUND THE TURN OF THE CENTURY
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Figure I
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THE CAUSE OF EXPLOSIONS

AROUND THE TURN OF THE CENTURY

(Tmaen from hme 40' 1 0"uo by ;t A"honw)

"_.the accident may have happened through the carelessness of the

soldiers as the most elementary rules of safety were violated!

"_.an agent sent some years before ( the explosion ) to destroy some

old dynamite In the magazine ,so old that It was In a dangerous condition,

said that he found difficulty in persuading the officer In charge to throw

away his cigarette at the door of the powder room. He also said that the

floor was a quarter of an inch thick in loose black powder and only by

refusing to enter could he induce the officer to remove his nailed soled

shoes.'

"-the storekeeper . said that a carpenter was repairing ( leaking)

powder boxes at the time ( of the explosion ) and he thought that driving

nails in the Ids set the powder off."

-spontaneous decomposition Is thought to have been the cause

of the explosion!

Figure 3
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